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PREFACE. 


The object of this book is to give information to engineers upon air and 
gas flow, and to indicate where more detailed information on the various 
•subjects may be found : the references are purposely given fully, so that 
readers may consult the originals if they wish. An attempt is also made 
to co-ordinate the results of various attests and formula), so that the reason 
for variations may be appreciated. For instance, there are many refer- 
ences to the c-oefticient of friction in reports, but the extraordinary varia- 
tions in its value may be seen in fig. $1 to 2*4 and in Tables 2*2 to 2*4 : 
some authorities take it as constant. 

For those who are ready to accept any formula without caring how it 
is arrived at or what values of the constants are included, this book will 
not perhaps be of much interest, as it is largely concerned with those very 
points. But for those who want to know upon what foundations graphs 
and formulae are based it should be of value. 

As regards subject-matter : Chapters 11. and III. deal with the flow in 
pipes ; Chapters IV. to VII. deal chiefly with pneumatic tube problems ; 
Chapters VIII. to X. deal with the measurement of air and gas, about which 
little information is given in books on air compressors, and include a 
description of the recent development of hot-wire anemometers ; Chapters 
XI. to XIV. deal shortly with some subsidiary questions relating to 
air flow. 

Some of the graphs are plotted on logarithmically ruled paper, which 
deserves to be much better known in this country. A few abaci are 
included, these being a very convenient form of graphical chart. 

The metric symbols cm, kg, m are printed without a lull stop, as is 
customary in French and German journals. 

The numbering of figures, equations, and tables is done consecutively 
for each chapter, not for the book as a whole. Use is made of the * to 
differentiate between the chapter number and figure number, viz. 2*1, 
3*1, etc. 

I shall be glad if attention is drawn to any mistakes and errors which 
may have crept into the formulae and tables : in this connection it may be 
stated that the constants in the formulae have only been calculated upon 
a slide rule and may be \ per cent. out. Such inaccuracy is immaterial 
in ordinary air and gas work, as the varying conditions of the atmosphere 
cause the specific volume of air to vary much more than J per cent, from 
day to day, or even from hour to hour. 

Any suggestions as to the rearrangement of tables and graphs /pinch 
would make them of more use will be welcomed. 

A. B. EASON. 

London, 'August 1919 . 



PREFACE TO THE SECOND EDITION. 


The first edition of this book was produced when there appeared to be no 
books existing on the various subjects it dealt with. The situation now is 
different, various other books having appeared during the past ten years ; 
these deal more exhaustively with particular aspects of the subject, and 
are typified by Litinsky's Messung Grosser Gasmengen , for those who read 
German, Ower's Measurement of Air Flow, for treatment of anemometers, 
and Pannell’s posthumous work Fluid Velocity and Pressure , for illustrated 
descriptions of instruments. Apart from books, a considerable number of 
papers have been published in journals, some of them reiterating what 
already exists in books, and others giving entirely new matter ; in this book 
references are made to those of the first type and some information is quoted 
from those of the second type. 

After perusal of technical literature, one feels that Chapter XI., on orifice 
flow, only touches the fringe of the subject. To deal properly with the 
matter would need a treatise somewhat like various numbers of the For - 
schungsarbeiten of the Verein Deutscher lngenieuren. 

The chapters on pneumatic tubes have been left mostly untouched, as 
the facts remain the same, but some later information concerning particular 
plants and automatic working has been included. By automatic working 
is meant the putting on of power when a carrier is to be sent and cutting 
off when the carrier reaches its destination. 

At the end of Chapter II. are a few notes on the power used for the 
pneumatic conveying of materials and on the power which would be needed to 
convey the air independently of its carrying any material. These have been 
given to allow some check to be made upon extravagant claims or statements 
concerning the conveyance of large quantities of coal or grain at small 
expenditures of power, although 1 lb of air per second certainly can convey 
from 5 to 10 lb of material per second, if the air velocity is great enough. No 
mention is made of the appliances for such conveyance, as they are dealt 
with in special books on the subject. 

A. B. EASON. 

London, Octolter, 1930 . 
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FLOW AND MEASUREMENT OF 
AIR AND GASES. 


CHAPTER I. 

PROBLEMS DEALT WITH, AND SOURCES 
OF INFORMATION. 

Purpose of book — States of flow — Specific problems investigated — Density of moist air — 
Conversion from one system of units to another — Conversion factors — Symbols 
used — Bibliography of books — Bibliography of reports, English, American, 
Continental, and Colonial. 

The purpose of the book is to investigate : (i.) the friction of gases and 
the coefficient of friction in pipes ; (ii.) the question of suitable meters for 
gas and air ; (iii.) the working of pneumatic tubes. The sources from which 
information has been obtained are the books and reports mentioned in 
Schedules 1 to 4, and experiments made on pneumatic tubes and air-com- 
pressing plants. We are chiefly concerned with the flow in pipes, and not 
with flow in unconfined space such as the atmosphere. 

Different States of Flow. 

Any discussion upon the flow of gases may deal with one of three 
different states of flow, the boundaries between which are fairly definite. 
The first state covers the cases of flow at low velocities where the friction 
varies approximately as the velocity, w, and where the Possieule laws hold ; 
these cases are chiefly of scientific interest and do not usually occur in 
commercial work. The second state covers cases of flow at medium 
velocities where the friction varies approximately as the square of the 
velocity, w 2 . The critical velocity for air, which divides the first and 
second states, is given in Table 1*1. 

The equation for the critical velocity (Hiitte, p. 364) is 

?, in metric units. 

* dm 

For a further discussion on this matter, see Chapter II., p. 486. The 
third state covers cases of flow at high velocities where the velocity is so 
high that it approximates to the velocity of sound in the gas, and the friction 
varies at a rate greater than the square of the velocity ; this case is chiefly 
of scientific interest, but also oefeurs in the efflux of gases from orifices. 
The investigations in this book deal chiefly with the second tyf>e of flow. 

1 
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Table 1*1 — Critical Velocities of Air. 


Diam. of pipe . . = 

»» • = 

25 

1 

50 

2 

100 

4 

250 

10 

500 mm. % 
20 inches. 

Pressure in atmospheres. 


Velocity 

: metres per second. 


0*2 

6*00 

3*00 

1*50 

060 

0*30 

1*0 

1*20 

0*60 

0*30 

0*12 

0-06*^ 

10 *0 

0*12 

0*06 

0-03 

0*012 

0-006 


Velocity : in 

feet per second (approx. ). 

0*2 

20 

10 

5*0 

2*0 

1*0 

1*0 

4 

2 

1 

0*4 

0*2 


Problems Investigated. 

Engineering works utilising moving gases comprise : pneumatic tubes, 
compressed-air systems, gas-lighting systems, ventilating systems. The 
problems arising in works of the first type differ considerably from those 
arising in the other types, because during flow in pneumatic- tube work 
the fluid undergoes a great change of density, whereas in the other cases the 
change of density is small. The term “pneumatic tubes’’ refers to tubes 
in which air is used to propel carriers containing goods or messages from one 
point to another : the best known are the tubes in large stores and 
mercantile houses where cash and bills are transmitted to a central cash 
office or to a central department. These tubes are also largely used in Post 
Office administrations to convey telegrams, letters, or parcels. In this 
work the object aimed at is to have the carriers travelling at the greatest 
possible suitable speed with the least expenditure of energy and upkeep. 
Some other problems arising are the relative advantages of high and low 
pressures, of big or small tubes, of working tubes both ways or one way 
only, etc. 

In the other types of work, viz. compressed-air, gas-lighting, and 
ventilation systems, where the pipes are used as conductors of the fluid, 
the slower the air moves the better : in this case the problem is to transmit 
the greatest possible amount of air or gas for use at some distant point at 
the least possible expenditure of energy and cost of maintenance. The 
losses in the pipe lines are of great importance. Taking the case of a com- 
pressed-air installation where the pipe line acts in a similar fashion to the 
feeders in an electrical installation, it is economical as regards transmission 
loss to use a small pipe and a small volume of air at high pressure, and to 
transform to low pressure at the receiving end ; but, as the means for trans- 
forming down air pressures are not so economical as electrical transformers, 
the use of high air pressures is not relatively so economical as the use of 
high electrical pressures. The question of balancing the loss of pressure in 
the pipe line with that in the transformer arises. In this book only the 
loss in the pipe line is discussed. 

In the case of service pipes from air-compressing plant leading from the 
place of storage to the apparatus which uses the air, the question of what 
pize service tpipe should be used arises.. The bigger the pipe, the more 
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costly to instal, fiut the less will be the loss of pressure in the pipe. 
Local considerations as regards space may at once determine the size of 
pipe, but a method of finding the most economical pipe to use — if such a 
size is practicable — is given in Chapter IV. 

In all air calculations one has to consider the quantities of air flowing. 
The metering of air is therefore dealt with in Chapters VIII., IX., X. Such 
meters are not nearly so common nor so well developed af meters for 
Water ; measurement of air is more difficult than measurement of water, 
becauscs the forces available for working the mechanism of the meter in 
the case of air are much smaller than those available in the case of water. 
Difficulties also exist because of the alteration of the density of the air 
during flow, owing to the drop of pressure. 

A scientific treatment of the flow of air is given by Shaw in his book on 
Air Currents ; but his discussion only concerns air at atmospheric pressure, 
as used in ventilation work. He shows the analogy between air flow and 
currents in electrical circuits, thus : — 

Aero-Motive Force = A. M.F.= resistance (quantity) 2 
Electro-Motive Force=E.M.F. = resistance (quantity). 

The electric analogy is of use, but to get a complete analogy it is desirable 
to have a unit of resistance similar to the ohm. This is not possible in the 
case of air, as the resistance to flow depends upon the quantity flowing, 
while electrical resistance is independent of quantity. Shaw chooses as a 
unit for ventilation work an orifice 6 inches in diameter, which delivers 
unit quantity (1 cu. ft/sec) when unit aero-motive force exists between the 
two sides of the orifice. If the density is altered the flow will be altered, 
and therefore the unit is only useful with air at atmospheric pressure. 

Equations for the Gas Constant and Density of Moist Air. 

We wish to have a ready means of finding the densities of gas mixtures, 
especially of moist air, and can proceed as follows : — We assume that the 
gases dealt with in this book, viz. air and coal gas, follow the laws of perfect 
gases ; therefore the main equation holds : 

Pv=CT=RT//it .... (DIO) 

P is the pressure per unit area. 

v „ volume „ weight. 

C „ gas constant. 

T „ absolute temperature. 

R „ universal gas constant = 1530 Eng., =848 metric (1*11) 
fi „ molecular weight (see Table 1*2). 

m = P/CT = P/a/RT .... (1*12) 

The density of various gases at atmospheric pressure and fixed temperature 
varies as fi, so that we get equations for the density at standard temperature 
and pressures : — 

In English units : 

At 0° C., 32° F., P=2116, p=14-7, £= 760 mm, 

Lb/ft 8 = m = *002 788/a, v=358-7 /fi . (1*13) 

At 17° X!., 62° F., p=14-7, w= 002624/i, t>= 380-0^ . (1*14) 
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In metric units : 

At 0° C., 32° F., h =760 mm, jo = l-03 kg/cm 2 , 

Kg/m 3 ==m =-044:6/*, v=22-4 //* . . (115) 

At 15° C., 59° F., h =735-5 mm, p — 1 kg/cm 2 , 

m=-0410/z, v=24-4//x . . . (116) 

For commercial work, a mean density of air may be chosen without 
reference to the actual amount of moisture which is present ; but for scien- 
tific work this may not be accurate enough, and the density may have to 
be properly determined. 

The moisture in the atmosphere is measured by comparing the amount 
actually present with the amount which would be present if the air were 
saturated. Assume the temperature is T ; at this temperature water 
vapour or steam exerts a pressure P'" which is independent of the existence 
of any pressure due to the presence of other gases. 1 cu. ft. of steam weighs 
m’ n lb. ; in moist air the pressure P" due to moisture is </> P"', where </> is 
the fraction denoting how much steam is present ; the weight of steam 
per cu. ft. of the mixture will be j \m ' n . 

The humidity, wetness, or dryness of the air is denoted by <£. 

When <£=1-0 the air is perfectly wet and saturated with steam. 

„ cf>= 0-0 „ „ dry and no steam is present. 

„ <j£ = -50~-80 the air is in a normal state. 

The pressure of moist air P, as read on gauge, includes P' due to the 
air, and P'^^P'" due to the steam. 

Now we can determine the density of moist air. 

Unit volume of moist air contains m' air and m" steam. 

The density of moist air, m=m' -\-m" . . (117) 

„ pressure „ „ P = P'-fP" . . (117a) 

We have then unit volume filled with m ' lb. of air at pressure P', and 
m" lb. of steam at pressure P" ; or alternatively wo can think of there 
being m7(m'-fm") volume of air at a pressure P along with a volume 
m'7(m' + m") of steam at pressure P: in either case we have unit volume 
filled with a mixture at pressure P. For air we have 

C '-|-« 5- 29 ' 27 "*•“* - i ™- 52 ' 7 • <™> 

For steam we have 

C'"=-^- ( =^=46-95 metric, =^?=84-5 Eng. . (119) 

C'/C'" = n'" In' = ‘623 = e (P20) 

m=m'+m", P=P' + P" .... (121) 

_ F , P " 

~C'T' 1 ‘C , "T 

+ P " F ' 

“ C'T " r C'TC"' 


Then 
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P 


— C'T — 



=wt. of dryair-^(-377)P"7C'T. . . (1-22) 


The second factor includes <f> and P'"/C'T, which depends entirely on T, 
so that values can he found for various values of T. Putting in values in 
English and metric units, 


Lb/ft 3 


144p _ ^(•377)//"'(70j9) 

= 52-7T 52-7T 


= 2-73/j/T — (•WZh""/T)<f> 

= wt. of dry air— A<f> 

= (wt. of air at p 0 )(p/p 0 )-A<f> 

Kg/m 3 = 1 ^ J -(-1767 t "7T)^ . 


(1*23) 


(1*24) 

(1‘25) 


= (wt. of air at p 0 )(p/Po)—^ ,( l> • • • (1*26) 

h!'" is the pressure of steam at T, in inches mercury. 
h!" „ „ „ in mm mercury. 

The above equations show that moist air is less dense than dry air. 
Table 1‘3 gives the density of dry air at atmospheric pressure, and the 
pressure of steam at various temperatures, and also the value of the co- 
efficients A , A '. From this table it is easy to deduce the density of moist 
air when a value of 0 is assumed or known. For accurate work it must be 
determined experimentally from readings of wet- and dry-bulb thermometers, 
or by similar methods as described in books on Physics. 

We can find the gas constant and apparent molecular weight of moist 
air now : because 


also 

Therefore 


P-P"+rP" P(l-0F"(l-e)/P) 

m— (.'T - C'T 

m= P/CT. 

C'=29-27 or 52-70 
L ~ ~ l — -377<fP'"fP ’ 


(1-27) 


(1-28) 


The gas constant for moist air will therefore vary with the pressure and 
the temperature ; and because ju,C=R, the apparent molecular weight will 
also vary : this becomes 

fji= 28-95- 10- 950F"/P . . . (1*29) 


The density of coal gas varies according to the proportions of the con- 
stituents, but is usually about 0*45 to 0*50 of the density of air at the same 
temperature and pressure. The density at 14*7 lb/in 2 and 60° F. becomes 
0*0344 to 0*0382 lb/ft 3 . 

As regards densities in general, it is well to remember that, for ordinary 
use, reference to standards 60° # F. and 15° C., and 14*7 lb/in 2 , is to be 
preferred tjp reference to density at 0° C., 32° F., and one metric atmosphere, 
735*5 mm, as us customary in some scientific work. 



Table 1 * 2 . — Particulars of Gases. 
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Acetylene. 

td 

c? 

h* Si* 8 *. 

QOO O O O tf o *8 O 

c* to o ©» 2 *2 55 59 ©»-i © r-i 

OOhOO^ONMN od x oa x 

tO H ® 2 2 H r~ ^ 

oj vo eo S Sh 

Hydrocarbons. 

3- 7 

10-16 

0-16 

5- 9 

Ethylene, 

Olefiant. 

<N 

o 

28*03 

•0742 

1*187 

*969 

55 08 

30*20 

1*250 

•400 

*330 

12441 

922 l 

990 J 

272 

395 \ 
636 / 
*75 
•78 

Methane, 
Marsh gas. 

w 

o 

t o 

CS I'- _ o © o to 

CO^n>OhOQ 005(0 o 

© o to p p oo (n vo ^ : : rH : : : : : 

« ‘ ‘ OWNh 
i—i CSV vo 

O N-W O 

4 P) Oi 4 

1 1 1 1 

4 10 0 O 

CO *— ( CO 

Carbon 

dioxide. 

*00 

vo _ _ ovcooi-^vrjco 

IQVQO OOOvOnvQNOO . 

o T -noOj»vooorHcoooeo-«e^oo'<i’Ovo 
OhwWONNNhhhh o 

■«* * Ah rH vo OS *H 
< 4 < W H 

niohN 

till 

0000 

Carbon 

monoxide. 

CO 

t>- nwooo»h 

no oo onn^nnooin 

ONOOV«)Ar.^NOO(OH^tQ 

?? 7 t ? 7 l ^^ l ? , 'r IWrlH • ■ 

oo ' H VO O H 

<n vo eo 

5- 7 
25-30 

0 

7-21 

Hydrogen. 

H 

2-016 

*0053 

•0856 

•0696 

766*0 

420 0 

1*405 

3-42 

2*42 

'840 

*176 

•275 

46-53 

26-40 

0- 1 
37-52 

Nitrogen. 


ch . o 

o o qococo *>*oo 

OOnONOOO^N . CO . .oo 

Cl OHOjpNrUNH . . H . . CM CO 

M ' H ’ «OH * 

CM vo CO 

CO vo to -*• 

1 1 1 1 
OHHO 

Oxygen. 

o 

eo on 

T#i O vo O N O *-H CM 

ooooowooHia . . Oi r—\ . .00 

P © CO 17V Ol VO ^ w iH • |H | ; C 4 CQ 

N ’ HHOOOH ‘ 

CO 'tr <N 

H 1 — 1 »— 1 rH 

1 1 1 1 
OOOO 

Air. 


co _ co 00 0 co eo co 

©Ng^^vOflOOWNNrtHW 
«N(NO^»OWNh©NH »©000 
o>pwon«^NH«HH hn 

® * HriCOOSH 

<N »ON 

7 Percentages by volume of above 
gases in — 

Coal gas 

Water gas 

Natural gas 

Coal and water gas 

4 

^ £q 0 O ^ 

• ^ 2 ?- • N°S t! 

S 6 *c ■*** 2 -vj' . p © 

sgg&!:gl-* HI 1 

•3 *11 2 J'g :| * •H’S * a 
S^WodcS < 02 O' EH 


Specific heat=gm-calories to raise 1 gm 1° C. Viscosity in dyne/cm 2 . Conductivity in gm-calories per cm cube per 1° 0. 

1 Hutte, p. 319. 1 Goodenough, Thermodynamics , p. 96. 3 Meyer, Kinetic Theory of Gases, p. 293. 4 Ibid., p. 193. 

• Ibid., p. 221. • [bid., p. 293. 1 Stone, Practical Testing of Gas, p. 316. 
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One should also remember that the densities of vapours are usually 
compared with that of air at the same temperature and pressure, and then 
become of the same nature as specific gravities, the density of air being 
taken as 1-00 : in such a case the “ density ” 

molecular weight of the gas n 

“ 28 * 95 ^ 8*85 ... (1 

The true density of vapours, or weight per unit volume, k&k been given 
in Eq. 1*12. 

Rowse (Trans. Amer. Soc. M.E . , 35/687/1913) deals with this question also. 


Table 1*3. — Density of Air ; Pressure of Water Vapour, etc. 


Degrees 

Cent. 

Degrees 

Falir 

Dry air. 

Water vapour. 

A. 

A. 

Kg per 

CU. 111. 

LI), per 

C.11. ft. 

Pressure, 
mm Hg 

Density, 

i*. 

0 

32-0 

1 *253 

0781 

4 6 

*0049 

*003 

•00064 

2 

356 

1-244 

*0775 

5*3 

*0056 

*003 

•00069 

4 

39-2 

1*235 

•0770 

6*1 

*0064 

•004 

•0008 

6 

42-8 

1*226 

•0765 

7*0 

*0073 

•004 

•0009 

8 

46*4 

1*217 

*0759 

8*0 

•0083 

*005 

*0010 

10 

50-0 

1*208 

*0754 

9*2 

*0094 

•006 

•0012 

12 

536 

1 *200 

*0748 

10*5 

•0107 

•007 

■0013 

14 

57*2 

1*192 

•0743 

12 0 

•0121 

•007 

■0015 

16 

60 8 

1*183 

•0737 

13*6 

*0137 

•008 

•0017 

18 

64*4 

1*175 

*0732 

15*5 

■0154 

•009 

•0019 

20 

68 0 

1*167 

•0726 

17*5 

•0173 

•oil 

*00215 

22 

71-6 

1*159 

*0721 

19*8 

*0194 

*012 

*0024 

24 

75*2 

1*151 

*0716 

22*4 

■0218 

•013 

*0027 

26 

78*8 

1*144 

*0712 

25*3 

•0243 

*015 

*0030 

28 

82*4 

1*136 

•0708 

28*4 

•0273 

•017 

•0034 

30 

86*0 

1*128 

•0703 

31*8 

•0304 

•019 

0037 


Specific volumes of air : at 

735*5 mm and 760 nnn 





m 0 

Vo 

m 0 

Vo 

In metric units, dry at 0° C. 


1*253 

•798 

1-293 

*773 


70% moist at 0° C. 


1*251 

*800 

1*291 

•774 


dry at 15° C. 


1*188 

•843 

1-225 

•817 


70% moist, at 15° C. 


1*182 

*845 

1-221 

*819 

In English units, dry at 0° C. 


•0781 

12*8 

•0806 

12-4 


70% moist at 0° C. 


*0780 

12*8 

•0805 

12 4 


dry at 15° C. 


*0740 

13*5 

•0764 

13 1 


70% moist at 15° C. 


•0736 

18-6 

•0761 

13*14 


Conversion of Formulae from one System of Units to another. 

It often happens that an equation, 

P® =A m v u z in metric units, 


is required as 
then 


P 1 ®=A 1 m 1 t/ w 1 2 in English units : 
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where a, 6, c are the multipliers to bring the factors P, m, u from the 
metric system to P 1# m A , tq in the English system. Values of a, 6, c, etc., 
are given in Tables 1*4 and 1*5. For instance, suppose P is 4 kg/m 2 , P x ip 
lb/ft 2 =4(-2048) = -820. 

As an example, consider Petit’s Eq. 2*67 : 

A =P 1 -P 2 = -000765 L 

h is mm water ; L, u , D are metres ; m is kg/m 3 , P is kg/m 2 . 

This equation is to be brought to the form : 

n -n 4£w 2 wiL Af wLu lBW6 

p i-r 2 = =a- d t5o -• 


The conversion factors are : for P, 0-2048 ; for L, w, D, 3-28 ; for m, 0-0624 ; 
therefore 


-000765(-2048)(3-28) 1 ' 508 
~ (-0624)(3-28) 9 ' 916 


= •000470 


r 2.7( -000470) -00756 

4D' 503 «' 084 — D' 500 m’ 0M ’ 


Table 1‘4. — Conversion Factors for English and Metric Units. 


Lengths • 

. 1 Metre 

= 

8-2808 

Feet. 



= 

39 37 

Inches. 

Areas . 

. 1 Sq. metre 

= 

10-70 

Sq. feet. 

Volumes 

. 1 Cu. metre 

= 

85-81 

Cu. feet. 

Weights 

. 1 Kilogram 

= 

2-2046 

Lb. 



= 

9-81(10) 5 

Dynes. 


1 Dyne 

= 

8-25(10)-' 

Lb. 

Densities 

. 1 Kg per cu. metre 

= 

•0624 

Lb. per cu. ft. 


1 (Siam per cu. cm 

= 

62-4 

Lb. per cu. ft. 

Quantities . 

. 1 Kg per hour 

= 

•00612 

Lb. per sec. 


1 Cn. metre per hour 

= 

•00981 

Cu. ft. per sec. 



= 

•688 

Cu. ft. per min. 

Work . 

. 1 Erg = l Dyne-cm 

= 

73-8(10)-* 

Ft. -lb. 


1 Kg-metre 

= 

7-233 

Ft. -lb. 


1 Kilowatt-hour 

= 

2-65(10)* 

FL -lb. 

Heat . 

. 1 Kilogram-calorie 

= 

3088-0 

Ft. -lb. 



= 

427-0 

Kg-metres. 



= 

3-97 

B.T.U. 



= 

1-168 

Watt-hour. 



= 

i-mtio) 1 * 

Ergs. 



Table 1 * 5 . — Multiply by the Factors given in the Table to convert Pressures given in the 
Units of the Vertical List to Pressures in the Units as shown in the Horizontal List. 


PROBLEMS DEALT WITH, AND SOURCES OE INFORMATION, 
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Symbols Used. 

The symbols which are commonly used are : — 

Diameters . D in feet or in metres. 

d „ inches „ millimetres. 

Lengths . . L ,, feet >, metres. 

Velocities * . u, U „ feet per sec. „ metres per sec. 

Densities . m „ lb. per cu. ft. „ kg per cu. metre kg/m 

or kg/cbm. 

Quantities . M ,, lb. per sec. „ kg per sec. 

Q „ cu. ft. per sec. at „ cu. in per sec. at atmos. 

atmos. pressure pressure. 

Pressures . P „ lb. per sq. ft. „ kg per sq. metre, kg/m 2 

or kg/qm. 

p „ lb. per sq. in. „ kg per sq. cm, kg/cm 8 . 

Temperature . T „ degrees absolute, Fahr. or Cent. 

0 „ degrees ,, » 

Time t „ seconds. 

On a double page at the end of each chapter will be found a list of the 
symbols used in that chapter, so that these may be visible at the same 

time as the text. , , 

The question of suitable abbreviations gave food for thought, bhould 
one use in. or ins. for inches, kg. or kgs. for kilograms, m. or ms. for metres ? 
I have followed the practice recommended by a committee of the American 
Institutes of Electrical, Civil, Mechanical, and Mining Engineers, that the 
abbreviation should always be in the singular, viz. lb., in., amp., cm, g, 
and have followed the French and German practice of using cm, m, kg 
for centimetres, metres, kilograms. , t( 

In the text, use is often made of the solidus / instead of the word per, 
so that “lb. per sq. in.” reads “lb/in 2 ,” “kilograms per cu. metre reads 
“ kg/m 3 ” ; there is no ambiguity as to the meaning, and much space is 
saved. References to reports are also given in the form, a/6/c, instead of 
reading, vol. a, pg. 6, year c, for the same reason. 
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Schedule 1. — Books Consulted. 
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Title. 

Author. 

Publisher. 

Date. 

Compres 

Air Compressors and Blowing Engines 

scd Air Work . 
Innes 

Technical Publishing Co 

1906 

Air Compression and Transmission . 

Thorkelson 

M'Graw Hill 

1913 

Compressed Air 

Harris 

M ‘Graw Hill 

1910 

Compressed Air 

Hiscox 

Constable 

1905 

Compressed Air . .... 

Richards 

Wiley 

“ Compressed Air” 

1907 

Compressed Air 

Saunders 

1903 

Pneumatic Transmission .... 

Culley, etc. 

Clowes 

1876 

Vmtilat.ii 

Air Currents, Laws of Ventilation 

m and Heating. 
Shaw 

Cambridge Univ. Press 

1907 

Heating and Ventilation .... 

Barker 

Coulton Press 

1912 

Heating and Ventilating Buildings . 

Carpenter 

Wiley 

1915 

Heating Systems 

Raynes 

Longmans 

1913 l 

Hygiene 

Stevenson 

Churchill 

1892 

Mechanics of Heating and Ventilation 

Meier 

M'Graw Hill 

1912 

Mechanical Draft 


Sturtevant 

1898 

Mitteilungen Prufungs Anstalten fur Heiz- 
ungs- und Luftungseinriehtungen 


Oldenburg 

1913 

Modern Methods of Ventilation . 

Grierson 

Constable 

1916 

Handbooks 

Architectural Surveyors’ Handbook . 

and rocket-books. 
Hurst 

Spoil 

1908 

Electrical Engineers* Handbook . 

Fowler 

Scientific Publishing Co. 
“Electrician” 


Electrical Engineers’ Formulae . 

Geipel & Kilgour 


Engineers’ Year Book .... 

Kempe 
“ Hu tie ” 

Crosby Lockwood 

1914 

Engineers’ Year Book .... 

Berlin 

1908 

Handbook for Gas Engineers and Managers 

Ncwbigging 

King 

1913 

Pocket-book for Mechanical Engineers 

Low 

Longmans 

1898 

Pocket-book for Mechanical Engineers 

Molesworth 

Spoil 

1906 

Practical Engineers’ Pocket-book 


1908 

Standard Handbook for Electrical Engineers 


M‘Graw Ilill 

1908 

Gener 

Development and Transmission of Power . 

al Subjects. 

W. C. Unwin 

Longmans 

| 1893 

Distribution of Gas 

W. Hole 

Allan 

| 1909 

Evaporating, Condensing, Cooling Appli- 
ances 

E. Hausbrand 

Scott-Greenwood 

1900 

The Fan 

C. H. Innes 

Technical Publishing Co. 

1904 

Flow of Steam 

A. Rateau 

Constable 

1905 

Le Gaz 

R. Masse 

Beranger 

1914 

Hydraulics 

W. C. Unwin 

Black 

1907 

Kinetic Theory of Gases .... 

0. E. Meyer 

Longmans 

1899 

Measurement of Gas by Orilice Meter 

H. P. Westcott 

Metric Metal Works, 


Mechanics of Engineering .... 

I. P. Church 

Erie, Pennsylvania 
Wiley 

1890 

Physics 

Ganot 

Longmans 

1906 

Practical Testing of Gas and Gas Meters . 

C. H. Stone 

Wiley 

1909 

Principles of Thermodynamics . 

G.A. Goodenough 

Constable 

1912 

Pneumatic Tubes : Technical Instructions, X. 

H.M. Stationery Office 

1914 

Resistance of the Air and Aviation 

G. Eiffei* 

Constable 

1913 

Smithsonian Tables of Physical Constants . 


Smithsonian Inst. 

1914 

Steam Pipes and their Design . 

W. H. Booth 

Constable 

1905 

Steam Turbines 

A. Stodola 

Constable 

1906 

Technical Thermodynamics (Vol. I.) . 

G. A. Zeuner 

Constable 

1907 

Treatise on Heat 

T. Box 

Spon 

1895 

Treatise on Physics : Heat 

J. J. Thomson & 
Poynting 

Griffin 

1906 

Pneumatic Despatch Tubes 

H. R. Kempe 

^ » [ 

1909 

Post Office Installations .... 

H. 0. Fleetwood^ 

Inst, of Post Office! 

1910 

Telegraph Traffic and Power Plant in Post 
Offices 

»A. B. Eason 

Elec. Eng. j 

1913 1 
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More Recent Books Consulted. 


Title. 

Author. 

Publisher. 

Date. 

C 

Compressed Air Practice in Mining . 

I ). Penman 

Griffin 

1916 

Rohrpost-fernanlagen . 

Schwaighofer 

Piloty & Lochle 

1916 

Compress* d Air Power . 

A. Daw 

Pitman 

1919 

Pneumatic Conveying . 

E. G. Thillips 

Pitman 

1021 

Heiz und Luftungsteclmik 

If. Rietschel 
Brabbeo 

Springer 

1922 

Messung Grosser Gasmcngen . 

Litinsky 

Spanner 

1922 

Fluid Velocity and Pressure 

Pannell 

Arnold 

1924 

Measurement of Air Flow 

E. Ower 

Chapman & Hall 

1928 

Viscosity of Liquids 

E. Hatsohok 

Bell & Sons 

1928 

Ventilation of Mines 

E. Briggs 

Methuen 

1929 


Schedules 2, 3, 4 are indicated by the following 


The subjects in 
symbols : — 

A, anemometers. 

Conv., conveyors or suction plants. 
D, disc or body friction. 

F, flow of air and gases. 

Man., manometers. 

M, meters in general. 

Mo, orifice meters. 


Mv, Venturi meters. 

Mw, hot-wire electric meters. 

O, orifice and nozzle flow. 

P, Pitot tubes. 

T, pneumatic tubes. 

Vi., Viscosity. 


Schedule 2. — English and Colonial Reports Consulted. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Aeronautical Journal 

I) 

14 

152 

1910 

Thurston 


D 

16 

116 

1912 

Thurston 

Camb. Phil. Soc. Proc. 

P 

24 

74 

1928 

Taylor 

Cassier’s Magazine . 

Mw 

15 

411 

1899 

Herschel 

C&ssier’s Ind. Management 

Conv. 

11 

103 

1924 

— 


Conv. 

11 

330 

1924 

Wagner 


Conv. 

11 

504 

1924 

— 

Chem. Soc. Ind. Journal . 

Mw 

37 

165 T 

1918 

Thomas 

Chem. Met. and Min. Soc. Africa 

V 

27 

139 

1926 

Polkinghome 

Colliery Guardian 

Conv. 

119 

1216 

1920 

Ring 

Commonwealth Engineer . 

P 

13 

51 

1925 

B&lsillie 

Electrician .... 

Mw 

69 

1056 

1912 

Morris 


Mw 

70 

275 

1912 

Bordino 


Conv. 

82 

61 

1919 

Bentham 


M 

82 

721 

1919 

Selvey 


Mw 

85 

227 

1920 

Morris 


Conv. 

86 

26 

1921 

Jennings 


Conv. 

86 

801 

1921 

— 

Engineer .... 

M 

109 

366 

1910 

— 


P 

118 

29 

1914 

Gibson 


Conv. 

130 

257 

1920 

Cramp 


Conv. 

143 

163 

1927 

— 

Engineering and Mining Journal 

M 

122 

257 

1926 

Todd 
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Schedule 2. — English and Colonial Reports Consulted— contd. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Engineering .... 

F 

G3 

361 

1897 

Martin 


D 

77 

30 

1903 

Odell 


Mo 

90 

380 

1910 

Dali# 


D 

91 

299 

1911 

Johns 


F 

94 

103 

19J2 

Gibson 


Mw 

94 

892 

1912 

Morris 


I) 

95 

107 

1913 

Thurston 


Mw 

96 

178 

1913 

Morris 


Man. 

96 

343 

1913 

Pannell 


F 

96 

384 

1913 

Lander 


M 

97 

129 

1914 

— 


M 

99 

617 

1915 

Hackett 


0 

99 

043 

1915 

— 


0 

101 

91 

1916 

Morloy 


M 

107 

261 

1919 

Pannell 


Mw 

109 

420 

1920 

Thomas 


I) 

109 

737 

1920 

H a velock 


0 

110 

310 

1920 

Mellanby 


F 

115 

456 

1923 

King 


My 

117 

7 

1924 

— 


Mw 

117 

136 

1924 

King 


Mo 

117 

314 

1924 

Hodgson 


M 

118 

182 

1924 

— 


Mw 

1-1 

541 

1926 

— 


0 

122 

495 

1926 

Petrie 


Conv. 

124 

453 

1927 

— 


0 

125 

80 

1928 

Oakden 


Conv. 

124 

741 

1927 

— 

English Electric J ournal . 

F 

1 

146 

1920 

Parry 

Inst. Auto. Engr. Proc. 

M 

13 

437 

1918 

Clarke 

Inst. Civil Engr. Proc. 

F 

63 

348 

1880 

Stockalper 


A . 

120 

380 

1895 

Buchholtz 


P 

123 

272 

1896 

Heenan 


P 

133 | 

464 

1898 

Parenty 


P 

134 

428 

1898 

Rateau 


M 

139 

446 

1900 

Krell 


D 

156 

78 

1904 

Stanton 


M 

173 

289 

1908 

Ashcroft 


F 

193 

438 

1914 

Archer 


M 

204 

107 

1918 

Hodgson 


F 

219 

174 

1925 

Heywood 

Inst. Elec. Engr. Journal . 

P 

33 

28 

1904 

Threlfall 


P 

52 

563 

1914 

Teago 


A 

57 

293 

1919 

Barclay 

Inst. Fuel Journal . 

Mo 

1 

161 

1928 

Armstrong 


0 

2 

17 

1928 

Hodgson 

Inst. Gas Engr. Trans. 

F 


184 

1904 

Unwin 

Inst. Mech. Engr. Proc. . 

P 


245 

1904 

Threlfall 


0 


1 517 

1912 

Watson 


0 


253 

1913 

Henderson 


0 


927 

1914 

Fisher 


0 


949 

1914 

Stewart 


0 


53 

1915 

Callendar 


0 4 


977 

1920 

Jude 


Conv. 


917 

1921 

Knight 

j 
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Schedule 2. — English and Colonial Reports* Consulted — contd. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

c 

Inst. Mech. Engr. Proc. . 

0 


855 

1922 

Mellanby 


0 

. . 

311 

1923 

— 

(i 

0 

. . 

31 

1928 

Wadlow 


0 


405 

1928 



Inst. Naval Arch. Trans. . 

F 

62 

175 

1920 

Havelock 


Mo 

64 

189 

1922 

Hodgson 

Inst. N.E. Coast Engr. Shi]). 

0 

37 

249 

1920 

Mellanby 

Inst. P.O. Elec. Engr. Journal . 

T 

2 

26 

1909 

Kennedy 


T 

4 

209 

1901 

Brown 


F 

5 

304 

1912 

Mansbridge 


T 

7 

189 

1914 

W alters 


T 

19 

4 

1926 

M‘ Gregor 

Journal Gas Lighting 

F 

109 

357 

1910 

Chandler 


F 

114 

104 

1911 

Grebel 


P 

120 

670 

1912 

Griggs 


M 

121 

186 

1913 

Thomas 


F 

126 

1042 

1914 

Masse 

Journal Ind. and Engr. Chem. . 

F 

11 

623 

1919 

Benton 


M 

15 

230 

1923 

►Shattuck 

Journal of Sci. Inst. 

A 

3 

109 

1926 

Ower 


M 

3 

144 

1926 

Powell 


Mw 

3 

398 

1926 

Tyler 


M 

3 

410 

1926 

Archer 


Man. 

4 

376 

1927 

Ower 


A 

4 

470 

1927 

Ower 


Man. 

6 

153 

1929 

Hodgson 


M 

6 

258 

1929 

Hodgson 

Manchester Assoc. Engr. . 

Conv. 

. . 

293 

1916 

Bentham 

Manchester Phil. Soc. Memoirs . 

D 

58 

No. 7 

1914 

Cramp 

Nat. Phys. Lab. Coll. Res. 

D 

1 

247 

1905 

Stanton 


D 

5 

169 

1905 

Stanton 

Nature ..... 

F 

60 

446 

1899 

Hcleshaw 


D 

86 

60 

1911 

Chatley 

Mechanical Engineer 

F 

16 

302 

1905 

Kincaly 


0 

16 

803 

1905 

Foster 


A 

17 

912 

1906 

Stokes 


0 

18 

574 ! 

1906 

Foster 


Mo 

21 

493 

1908 

Muller 


M 

24 

70 

1909 

Orr 


P 

27 

635 

1911 

Anderson 


A 

27 

326 

1911 

— 


0 

31 

322 

1913 

Scanes 

Metallurgical and Chemical Engr. 

M 

15 

250 

1916 

Northrup 

Philosophical Magazine 

D 

1 

530 

1901 

Zahm 


D 

8 

58 

1904 

Zahm 


D 

8 

66 

1904 

Rayleigh 


F 

17 

389 

1909 

Grindley 


Man. 

19 

450 

1910 

Chattoek 


Mw 

20 

591 

1910 

Russell 


P 

21 

348 

1911 

Fry 


Vi. 

21 

697 

1911 

Rayleigh 


Man. 

25 

494 

1913 

Fry 


D 

28 

728 

1914 

Shakspear 


Mw 

29 

556 

1915 

King 

t 

Mw 

* 31 

118 

1916 

Hughes 

« 
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Schedule 2. — English and Colonial Keports Consulted — contd. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Philosophical Magazine . 

F 

0 

31 

32 

322 

177 

1916 

1916 

King 

Rayleigh 


Mw 

39 

505 

1920 

Thomas 


Mw 

40 

640 

1920 

Thomas 


Mw 

41 

240 

1921 

Thomas 


0 

41 

286 

1921 

Walker 


F 

41 

899 

1921 

Davis 


0 

42 

138 

1921 

Walker 


F 

43 

329 

1922 

Davis 


0 

43 

589 

1922 

Walker 


Mw 

43 

688 

1922 

Thomas 


Mail. 

45 

84 

1923 

Wftgstaff 


0 

45 

229 

1923 

Gibson 


0 

46 

785 

1923 

Thomas 


A 

2 

881 

1926 

Owor 


0 

2 

852 

3926 

Swift 


Mw 

3 

81 

1927 

Simmons 


F 

4 

208 

1927 

Dean 


0 

4 

917 

1927 

Wadlow 


O 

5 

1 

1928 

Swift 


F 

5 

673 

1928 

Dean 

Phil. Trans. Roy. Soc. 

A 

169 

797 

1878 

Robinson 

F 

174 

935 

1883 

Reynolds 


Mw 

184 

591 

1893 

Bottomley 


Mw 

191 

501 

1898 

IVtavol 


F 

214 

199 

1914 

Stanton 


I) 

225 

303 

1925 

Fage 

Phys. Soc. Proc. . • 

Mw 

32 

196 

1920 

Thomas 

Mw 

33 

149 

1921 

Thomas 


Mw 

33 

152 

1921 

Davis 


Mw 

33 

190 

1921 

Humphrey 


0 

33 

225 

1921 

Bond 


F 

34 

139 

1922 

Bond 


F 

40 

1 

1927 

Bond 

Royal Society Proc. . 

D 

48 

233 

1890 

Dines 

F 

76 

205 

1905 

Morrow 


Man. 

78 

410 

1906 

Roberts 


F 

80 

114 

1908 

Grindlcy 


F 

85 

119 

1911 

Eustice 


F 

85 

366 

1911 

Stanton 


F 

87 

154 

1912 

Carothers 


0 

89 

91 

1913 

Davidson 


Mw 

90 

563 

1914 

King 


F 

92 

144 

1916 

Lees 


F 

92 

337 

1916 

Lander 


0 

94 

155 

1918 

Hartshorn 


0 

97 

413 

1922 

Marshall 


F 

111 

306 

1926 

Stanton 


F 

119 

92 

1928 

Davis 


D 

120 

260 

1928 

Taylor 


F 

120 

691 

1928 

Cornish 


F 

121 

194 

1928 

Taylor 


F 

123 

645 

1929 

White 


F 

124 

243 

1929 

Taylor 

Royal Soc, Canada Trans. . 

P 

12 

131 

1918 

Shaw 

) 
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Schedule 2. — English and Colonial Reports Consulted — contd . 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

c 

Royal Soc. Canada Trans. 

F 

IS 

261 

1924 

Satterley 


A 

20 

I 

1926 

Patterson 

Royal Sod. Dublin Proc. . 

F 

13 

375 

1912 

Dowling 

Royal Soc. Edinburgh 

Mw 

40 

39 

1900 

Mitchell 

Royal Soc. N.S. Wales Journal . 

M 

45 

258 

1911 

Hebblewhitc 

Royal Tech. Coll. Glasgow 

0 

2 

123 

1925 

Mellanby 

Society of Arts Journal 

Conv. 

69 1 

283 

1921 

Cramp 

South African Inst. Engr. 

M 

23 

360 

— 

Laschingcr 

Toronto Univ. Sch. of Engr. Res. 

Man. 

2 

26 

1921 

Parkin 

Bulletin. 

Mv 

7 

231 

1927 

Angus 


0 

7 

239 

1927 

Angus 

Transvaal Inst. M.E. Journal 

F 

7 

154 

1909 

Lasehinger 


Schedule 3. — American Reports Consulted. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Amer. Acad. Art and Sci. Proc. 

D 

43 

380 

1910 

Hall 

Amer. Gas Inst. Proc. 

F 

6 

369 

1911 

Batten 


M 

7 

339 

1912 

Thomas 


P 

9 

615 

1914 

Spitzglass 


P 

9 

677 

1914 

Wing 

Amer. Gas Journal . 

F 

82 

648 

1905 

Shattuek 

Amer. Inst. Elec. Engr. Proc. 

M 

35 

451 

1916 

Montsinger 


Mw 

35 

455 

1916 

Langmuir 

Amer. Inst. Elec. Engr. Journal 

Mw 

47 

181 

1928 

Penney 

Amer. Inst. Elec. Engr. Trans. . 

M 

28 

363 

1909 

Wright 


M 

31 

1229 

1912 

Langmuir 


M 

32 

301 

1913 

Langmuir 

Amer. Machinist 

F 

22 

686 

1899 

Johnson 


Mw 

29 

368 

1906 

Moss 


F 

39 

55 

1913 

Brown 

Amer. Phil. Soc. Proc. 

M 

. . 

55 

1914 

Kennedy 

Amer. Soc. Civil Engr. Proc. 

Mv 

51 

1340 

1925 

Parshall 


Mv 

52 

1787 

1926 

Ledoux 

Amer. Soc. Civil Engr. Trans. . 

P 

47 

1 

1902 

Hubbell 


P 

51 

253 

1903 

Saph 


F 

76 

999 

1913 

Archer 


F 

84 

527 

1921 

Herschel 

Amer. Soc. H. and V. Engr. Proc. 

F 

19 

219 

1913 

Harding 


F 

19 

366 

1913 

Busey 


F 

20 

151 

1914 

Vemer 


P 

20 

210 

1914 I 

— 

Amer. Soo. Mech. Engr. Journal 

F 

36 

258 

1914 

Dyer 


M 

36 

326 

1914 

Levin 


M 

38 

216 

1916 

Hickstein 


Vi. 

38 

668 j 

1916 

Lewis 


O 

38 

709 

1916 

Judd 


M 

38 

755 

1916 

Moigne 


O 

38 I 

775 

1916 

Bailey 

w 

P 

v 38 

869 

1916 

Moss 
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Schedule 3. -^American Reports Consulted — continued. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Amer. Soc. Mech. Engr. Journal 

Vi. 

38 

888 

1916 

Earhart 

0 

38 

953 

1916 

Reynolds 


0 

39 

221 

1917 

Uptfln 


0 

39 

250 

1917 

Reynolds 


P 

41 

429 

1919 

Spitzglass 


F 

41 

949 

1919 

Baufre 


F 

42 

56 

1920 

Camichel 


Mv 

42 

220 

1920 

Warren 


F 

42 

334 

1920 

Taylor 


P 

43 

315 

1921 

Redfield 


0 

43 

327 

1921 

Mellanby 


F 

43 

735 

1921 

Deneeke 


F 

45 

223 

1923 

Judd 


F 

45 

289 

1923 

Broido 


Mv 

45 

297 

1923 

Smith 


0 

45 

342 

1923 

Spitzglass 

Amer. Soc. Mech. Engr. Trans. . 

P 

22 

262 

1901 

Gregory 

P 

25 

184 

1904 

Gregory 


0 

2G 

114 

1905 

Borsody 


M 

27 

193 

1906 

Durloy 


V 

28 

483 

1907 

Coleman 


P 

30 

351 

1908 

Gregory 


M 

31 

655 

1909 

Thomas 


F 

33 

1055 

1911 

Carrier 


F 

33 

1137 

1911 

Kneeland 


P 

34 

1019 

1912 

Treat 


F 

34 

1091 

1912 

Weymouth 


P 

35 

633 

1913 

Rowso 


M 

3G 

239 

1914 

Levin 


M 

36 

707 

1914 

Hayes 


0 

38 

799 

1916 

Reynolds 


F 

48 

145 

1926 

Atherton 

Amer. Soc. Naval Arch, and Mar. 

F 

13 

9 

1905 

Taylor 

Engr. Trans. 

Amer. Soc. Naval Engr. . 

M 

31 

532 

1925 

Bechler 

Amer. Waterworks Assoc. 

F 

18 

409 

1927 

Enger 

Bureau of Standards : Technologic 

Vi. 

11 

112 

1919 

Hersehol 

Paper. 

0 

15 

573 

1920 

Buckingham 

Chemical Age .... 

F 

2 

118 

1920 

Zeisberg 

Chem. and Met. Eng. 

Conv. 

22 

566 

1920 

— 

F 

23 

607 

1920 

Preston 


F 

30 

234 

1924 

McAdams 


M 

30 

633 

1924 

Turner 

Compressed Air Magazine . 

F 

1 

360 

1898 

Cox 

P 

17 

6636 

1912 

Crewson 


M 

19 

728 

1914 

— 


Conv. 

26 

9965 

1921 

Rayleigh 


Conv. 

26 

9967 

1921 

Briggs 


T 

26 

10279 

1921 

Eason 


F 

27 

48 

1922 

Haight 


T 

27 

322 

1922 

Salathiel 


T 

34 

2661 

1929 

— 

Concrete (in Supplement) . 

Conv. 

16 

36 

1920 

Kinyon 

Electrical Review (Chicago) 

M 

• 

63 

238 

1913 
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Schedule 3. — American Reports Consulted — continued. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Electrical World 

M 

68 

866 

1916 

Philips 


M 

76 

630 

1920 

Dillon 

, 

P 

85 

711 

1925 

Proebstel 

Engr. Chib Philadelphia Proo. . 

P 

27 

167 

1910 

Berry 

Engineering Digest . 

F 

3 

489 

1908 

Rix 

F 

3 

505 

1908 

Kent 


F 

7 

220 

1910 

J ohnston 

Engr. and Ind. Management 

Oonv. 

2 

793 

1919 

Zimmer 

Engineering Magazine 

F 

48 

694 

1915 

J ohnston 

Engineering News . 

Vi. 

46 

332 

1901 

Church 

P 

51 

318 

1904 

Boyd 


P 

54 

660 

1905 

Burnham 

Engineering News Record 

0 

77 

19 

1917 

Nelson 

F 

83 

102 

H*l<> 

Bailey 


Mv 

83 

606 

1919 

Pardoe 


M 

87 

616 

1921 

Collins 


F 

88 

118 

1922 

Wolfe 


Mv 

88 

797 

1922 

— 


Mv 

88 

1093 

1922 

Pardoe 


F 

89 

090 

1922 

Wilson 


F 

91 

178 

1923 

McMillan 


F 

91 

1052 

1923 

Nagler 


F 

95 

100 

1925 

Weymann 

Engineering Record . 

F 

62 

384 

1910 

Chandler 

F 

62 

653 

1910 

11 arris 

General Elec. Review 

Mv 

23 

153 

1920 

Dawson 


Mw 

27 | 

182 

1924 

Wooley 


F 

28 | 

336 

1925 

Rice 


K 

30 

286 

1927 

Wirt 

Industrial Management 

Conv. 

67 

9 

1924 

Potts 

Iron Age .... 

() 

98 

1049 

1916 

Estel 

Iron Trade Review . 

International Marine Engineer- 

P 

62 

777 

1918 

Moss 

ing ..... 

F 

25 

720 

1920 

Bisset 

Journal Assoc. Engr. Soc. 

P 

27 

34 

1901 

White 

Journal Franklin Inst. 

M 

172 

411 

1911 

Thomas 


M 

181 

1 

1916 

King 


M 

182 

191 

1916 

King 


Vi. 

183 

115 

1917 

Worthington 


Vi. 

183 

783 

1917 

King 


Man. 

188 

771 

1919 

Zahm 


Man. 

: 198 

213 

1924 

Zahm 


| F 

I 198 

7G9 

1924 

Cox 

Journal Ind. and Engr. Chem. . 

F 

8 

627 

1916 

Lewis 

F 

11 

623 

1919 

Benton 


M 

15 

230 

1923 

Shattuck 

Journal of Electricity 

T 

45 

123 

1920 

Calkins 

Mechanical Engineering . 

Mv 

45 

297 

1923 

Smith 

M 

45 

679 

| 1923 

Allen 


M 

46 

13 

1924 

Taylor 


F 

48 

1025 

1926 

Sherwood 

Physical Review 

F 

13 

372 

1901 

Barnes 

F 

16 

377 

1903 

Coker 


i P 

1 17 

410 

1903 

Zahm 


0 

* 29 

298 

1909 

Bradley 
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Schedule 3. — American Reports Consulted — continued. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Physical Review 

M 

34 

401 

1912 

Langmuir 


Vi. 

1 

124 

1913 

Gilchrist 


Mw 

7 

431 

1916 

Hartmann 


Vi. 

8 

479 

1916 

Mark well 


Vi. 

8 

738 

1916 

Harrington 


Man. 

13 

321 

1919 

Schrader 


Mw 

15 

46 

1920 

Henderson 

Power ..... 

M 

32 

918 

1910 

— 


P 

37 

156 

1913 

Busey 


P 

37 

302 

1913 

Loeb 


M 

43 

254 

1916 

Bailey 


0 

44 

58 

1916 

Anthes 


F 

46 

824 

1917 

Thies 


P 

50 

702 

1919 

Weber 


F 

51 

1022 

1920 

Taylor 


F 

53 

832 

1921 

Cotton 


F 

54 

144 

1921 

Davis 


M 

56 

1008 

1922 

Freeman 


M 

57 

1024 

1923 

— 


M 

57 

1038 

1923 

— 


T 

60 

215 

1924 

Coutant. 


0 

60 

875 

1924 

— 


M 

62 

137 

1925 

Gaylord 


F 

63 

247 

1926 

Mingle 


F 

64 

947 

1926 

Evans 


F 

67 

141 

1928 

Conrad 


F 

69 

315 

1929 

Gallo 

Smithsonian Publications . 

P 

62 

27 

1916 

Hunsaker 


I) 

62 

91 

1916 

Hunsaker 

Telephone Engineer 

F 

14 

295 

1915 

Xeholtz 

Univ. Illinois Engineering Expt. 

0 

109 


1918 

Davis 

Bull. 

F 

158 

. . 

1926 

Allen 


F 

170 

• • 

1927 

Callen 


Schedule 4.— Foreign Reports Consulted. 


Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Akad. der Wiss. zu Wien Ber. . 

D 

119 

977 

1910 

Boltzmann 


D 

127 

1629 

1918 

Lochner 

Ann. Assoc, des lng. Gand. 

F 

17 

99 

1927 

Hanocq 

Ann. des Mines 

P 

13 

331 

1893 

Ratcau 


F 

2 

541 

1892 

Ledoux 

Ann. der Physik 

Man. 

35 

389 

1911 

Knudsen 


Vi. 

44 

81 

1914 

Holm 


F 

59 

538 

1919 

Hopf 


Man. 

83 

385 

1927 

Knudsen 

Archives des Sciences 

P 

2 

511 

1920 

Mereanton 

Archiv f. Post u. Tele. 

T 

. . 

657 

1911 

Kasten 


T. 

. . 

437 

1914 

Gratseh 

* 

T 

, 


177 

1916 

Kasten 

• 
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Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Assoc. Tech. Mar. et Aer. . 

F 

31 

61 

1927 

Hey 

Bau Ing. .... 

F 

3 

645 

1922 

Maas 

Bohrhamrfier .... 

F 

7 

18 

1927 

Maercks 

Brown Boveri Mitt. . 

F 

8 

157 

1921 

— 

Bull. Tech. Suisse Romande 

F 

52 

74 

1926 

Calame 

Comptes Rendus (=C.R.) 

Mw 

133 

257 

1901 

Boussinesq 


F 

152 

318 

191 J 

Lafay 


Man. 

155 

1078 

1912 

Henry 


M 

156 

1831 

1913 

Carriere 


Mv 

160 

28 

1915 

Camichcl 


Mv 

161 

456 

1915 

Dejust 


Mw 

162 

294 

1916 

1 Vozalski 


0 

168 

330 

1919 

Ratcau 


0 

168 

492 

1919 

Farcnty 


F 

168 

509 

1919 

Hey 


P 

170 

213 

1920 

Delage 


A 

170 

610 

1920 

Brazier 


F 

170 

881 

1920 

Camichel 


F 

173 

630 

1921 

Camiehel 


M 

176 

287 

1923 

Magnan 


M 

177 

744 

1923 

Huguenard 


D 

178 

1687 

1924 

Grezes 


M 

179 

592 

1924 

Foch 


F 

180 

1326 

1925 

Escande 


F 

181 

295 

1925 

KRcande 


P 

182 

29 

1926 

Escande 


F 

182 

1268 

1926 

Toussaint 


F 

182 

1375 

1926 

Benard 


F 

183 

184 

1926 

Benard 


F 

183 

947 

1926 

Toussaint 


Man. 

187 

26 

1928 

Guillery 


M 

188 

546 

1929 

Dupin 

I)o Ing. ..... 

M 

39 

261 

1924 

Ruten 

Dingier' s Poly. Journal 

T 

331 

101 

1916 

Kasten 

Elek. und Masch. 

F 

39 

402 

1921 

Ohlmuller 


F 

39 

539 

1921 

Konig 

Elok. Tech. Zeit (=E.T.Z.) 

T 

37 

317 

1916 

Sehwaighofcr 


T 

38 

236 

1917 

Schwaighofer 


T 

38 

479 

1917 

Schwaighofer 

i 

M 

40 

452 

1919 

Kasten 


D 

41 

152 

1920 

Heinrich 


T 

42 

430 

1921 

Bcchmann 


T 

47 

1540 

1925 

Bcchmann 


T 

48 

1694 

1927 

Kasten 


T 

49 

335 

1928 

Bechmann 

Feuerungs Technik . 

M 

9 

177 

1920 

Nitzschmann 

Fort, der Physik 

Vi. 

52 

442 

1896 

II oudaille 

Gas und Wasser 

M 

69 

479 

1926 

— 


F 

70 

547 

1927 

Biel 

Gen. Civile .... 

F 

79 

583 

1921 

Lombardi 


F 

83 

228 

1923 

Cattala 


F 

83 

485 

1923 

Lafon 


Mv 

89 

138 

1926 

Rousselet 


F 

93 

14 

1928 

Coupard 

Gesundheits Ing. 

F 

v 28 

313 

1905 

Rietschel 
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Title. 

Subject. 

Vol. 

Page. 

Year. 

Author. 

Gliickauf .... 

A 

38 

1141 

1902 

Stack 


A 

39 

1149 

1903 

Stack 


M 

41 

1018 

1905 

Stock 


P 

42 

1345 

1906 

Brevbahn 


0 

47 

64 

1911 

Tcrbcck 


F 

48 

1078 

1912 

Schultze 


F 

49 

1516 

1913 

Kegel 


O 

56 

85 

1920 

Hinz 


F 

56 

601 

1920 

Kirehncr 


Oonv. 

56 

714 

1920 

Lwowski 


F 

56 

997 

1920 

Bruch 


F 

57 

368 

1921 

Cloos 


F 

59 

1021 

1923 

Maorcks 


F 

63 

829 

1927 

Macrcks 


M 

64 

333 

1928 

Mulsow 


F 

64 

429 

1928 

Fronimo 

Indufltria .... 

P 

39 

30 

1925 

Mon tel 


T 

39 

198 

1925 

— 

Motorwagcn .... 

P 

15 

207 

1012 

Retschky 

Nature ..... 

A 

62 

124 

1924 

Mcrcanton 

Pliys. Zeit. .... 

P 

18 

21 

1917 

Hagonbaoh 


P 

20 

403 

1919 

Seeliger 


F 

22 

321 

1921 

Wieselberger 


F 

22 

523 

1921 

Schiller 


F 

23 

219 

1922 

Wieselberger 


F 

26 

557 

1925 

Lorenz 


F 

27 

533 

1926 

Lorenz 


F 

28 

12 

1927 

Lorenz 


D 

29 

593 

1928 

Schmiedcl 

Revue do Met. 

M 

17 

668 

1920 

Borthclot 

Rev. Con. d’Eloc. 

0 

6 

707 

1919 

Camichel 


F 

15 

55 

1924 

Heldo 


F 

18 

269 

1925 

Escandc 


T 

20 

741 

1926 

Euverto 

Rev. Industrie Min. . 

T 

6 

40 

1927 

Levy 


T 

6 

513 

1927 

Lahoussay 

Rauch und Staub 

Man. 

5 

65 

1915 

Roscnmuller 

Schweiz. Bau. .... 

F 

83 

203 

1924 

Sachs 


F 

84 

1 

1926 

Meyer 


F 

84 

39 

1926 

Dufour 


M 

91 

95 

1928 

Perrochet 

Science et Vie .... 

T 

12 

215 

1917 

— 

Stahl und Eiscn 

M 

33 

1307 

1913 

Lutho 

Teleg. und Fern. Tech. (T.F.T.) 

T 

17 

71 

1928 

Kasten 

Verh. Deut. Phys. Gesch. . 

M 

15 

961 

1913 

Gerdien 


D 

16 

695 

1914 

Zenneck 

Wftrme 

T 

51 

301 

1928 

Ramsin 

Wied. Ann. der Physik 

M 

10 

677 

1880 

Recknagel 


D 

69 

454 

1889 

Emdon 


F 

35 

61 

1911 

Zickendraht 


F 

44 

297 

1914 

Kohlrausch 


Vi. 

50 

609 

1916 

Weinstein 

Zeit. ang. Math. u. Mech. . 

F 

3 

181 

1923 

Wildhagen 


F 

3 

339 

1923 

Fromm 


F* 

7 

107 

1927 

Krey 
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Schedule 4. — Foreign Reports Consulted — continued . 


Title. 

Subject. 

Vol. 

Pago. 

Year. 

Author. 

r 

Zcit. ang. Math. u. Mech. 

F 

6 

468 

1926 

Tollmien 

Zeit. Dampf .... 

F 

44 

394 

1921 

Denecke 

Zeit. f. Ko»ap. Giise . 

M 

17 

4 

1915 

Jahn 


T 

18 

121 

1916 

Fasten 


T 

19 

25 

1917 

Fasten 


T 

19 

97 

1917 

Fasten 

Zcit. f. Physik 

D 

30 

374 

1926 

Befort 

Zeit. f. Inst 

A 

26 

333 

1906 

Becher 


A 

45 

44 

1925 

Becher 


Man. 

45 

515 

1925 

Levy 

Zeit. tech. Physik . 

P 

1 

20 

1920 

Secliger 


0 

2 

106 

1921 

Rcheber 


F 

7 

428 

1926 

Proll 

Zeit. Ver. Deut. Ingr. (Z.V.D.T.) . 

1) 

30 

489 

1886 

Reeknagel 


F 

36 

621 

1892 

Lorenz 


p 

52 

81 

1908 

Fritzsche 


F 

52 

285 

1908 

Muller 


F 

52 

481 

1908 

Eberle 


M 

53 

13 

1909 

Bendermann 


T 

56 

41 

1912 

Fasten 


F 

56 

720 

1912 

Voisscl 


F 

56 

1578 

1912 

Faplan 


F 

57 

17 

1913 

Banki 


0 

57 

1229 

1913 

Forner 


F 

60 

441 

1916 

Brabbee 


0 

61 

650 

1917 

Fliigcl 


T 

61 

709 

1917 

Fasten 


Man. 

61 

971 

1917 

Berlowitz 


M 

62 

521 

1918 

Claasen 


P 

63 

31 

1919 

Stodola 


M 

63 

100 

1919 

Rover 


T 

63 

312 

1919 

Scliwaighofor 


0 

63 

699 

1919 

Wewerka 


F 

64 

202 

1920 

Berlowitz 


M 

64 

258 

1920 

Freudonthal 


F 

65 

469 

1921 

Fisher 


Mv 

65 

918 

1921 

liiffart 


F 

66 

178 

1922 

Jakob 


P 

66 

1130 

1922 

Schwarz 


P 

67 

568 

1923 

Winkel 


T 

67 

653 

1923 

Schwaighofer 


0 

67 

740 

1923 

Loschge 


M 

69 

1523 

1925 

Bohn 


F 

70 

44 

1926 

Stachel 


0 

70 

980 

1926 

Krotzschmer 


F 

70 

1153 

1926 1 

Ackeret 


F 

71 

199 

1927 

Tollmien 


P 

71 

1064 

1927 

Homberger 


F 

71 

1779 

1927 

Hinderks 


0 

72 

116 

1928 

Jakob 


0 

72 

699 

1928 

Engel 


0 

72 

1297 

1928 

Pflaum 

Forschungsarbeiton V.D.I. 

Conv. 

265 

•• 

1924 

Gasterstadt 




CHAPTER II. 


COEFFICIENT OF FRICTION IN PIPES. 

Purpose of discussion — Types of formula? — Method of correcting formula when other 
values of £ are used — Formula 1 for quantities, volumes, velocities, losses of pressure 
— Various values of £ — Discussion on ventilation formula? — Formula? for flow of 
gas — Discussion on steam flow — Discussion on the flow of compressed air — Flow in 
pneumatic -tube distributor — Discussion on modern formula? with fractional 
indices — Viscosity and its effect on critical velocities —Determination of critical 
velocities — Viscosity of air, gas, steam, and its alteration with temperature — 
Viscosity in turbulent flow and its relation to £ — Derivation of graphical charts — 
Discussion on flow in pneumatic, tubes when fractional indices are included — Flow 
in telephone cables — Best size of pipe — Resistance of Materials— Pneumatic con- 
voying — Conclusions. 

The object of this chapter is twofold. The. first purpose is to enable 
engineers using formula 1 for the flow of liquids and gases to know what 
value for the coefficient of friction, £, has been used by the originator of 
the formula. The second purpose is to suggest what is the value of £ to 
use when a gas of any density m is flowing at a velocity u in a pipe of diameter 
D and made of any kind of material. £ is defined by the relationships : 

dH u 2 dP £m 2 m _2£?/ 2 m (For round pipes see 

dL^2</J’ dL = "2^J """Dr* equation 2 01a.) 

J is the hydraulic mean depth, which is the sectional area of the fluid 
divided by the wetted perimeter. The idea of £ being a constant in the 
foregoing equations, or being only dependent upon diameter, is false ; 
£ depends upon the values of u and J, and also upon the roughness or 
smoothness of the pipe ; see division E of this chapter. The usefulness 
of the formula quoted by any author will depend upon whether the value 
of £ used is the proper value for the conditions existing ; it is convenient to 
compare £ as used with the value of £ found from Stanton’s curve, fig. 2*4. 

The chapter is subdivided thus : — 

(A) A discussion upon types of, and accuracy of, formulae, followed by a 
series of useful formulae giving quantities, velocities, loss of pressure of 
gases and air flowing in pipes, with both general and particular values of £. 
These can be used in solving problems in air and gas work, and for 
comparison with other formulae. 

(B) Tables of the values of £, the coefficient of friction, as given by 
various authorities, or as deduced from their formulae. 

(C) A resume of, and observations on, the formulae which contain the 
u 2 term and a value of £ assumed to be independent of u : the derivation 
of these formulae is discussed in Chapters IV. and V. 

(D) A discussion of the formulae which include fractional powers of the 

17 
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velocity u and of the diameter D ; in which case the portion of £ dependent 
on w, u , D having been incorporated with the u 2 /D term, the rest of the 
constant is independent of u and D. 

(E) A discussion upon the work of Stanton, Lees, and others, who have 

shown that the coefficient of friction does not depend on diameter only, 
and that the u 2 law is theoretically incorrect. For practical purposes, how- 
ever, formulae based on the u 2 law are quite good enough if a proper value 
of friction is chosen. <• 

(F) The explanation and derivation of graphical charts on logarithmic 
ruled paper, and reference to abaci, for solving ordinary air or gas trans- 
mission problems, using particular values of £ ; corrections to be made if 
other values of £ are to be used are also given. 

(G) A discussion of air flow in telephone cables. 

(H) Best size of pipe to use. 

(I) Resistance of materials to air flow. 

(J ) Pneumatic conveying plants. 

(K) Conclusions. 


A. Discussion on types of formulae. 

All questions concerning the loss of pressure in pipes, the quantities 
of air, gas or water flowing in pipes of various diameters, lengths and 
types of surface, should be dealt with on the basis of Reynolds , Stanton s 
and Blasius’ researches, which have definitely proved that the coefficient 
of friction is fixed and constant for a smooth pipe when the value of the 
function uD/v is fixed, where u is the velocity of the gas, D the diameter 
of the pipe, and v the kinematic viscosity of the gas. Given any 

pipe, the coefficient of friction will be the same whether it is water, oil, 
air or gas which is flowing through it if the value of uD/v , which we shall 
call X, is the same in each case. £ will vary according to the roughness 
of the pipe. Equations 2*81, etc. deal with £ as compared with X. Here 
we shall consider the old types of formulae. 

Various expressions are used to give the loss of pressure in pipes, de- 
pending upon the units included, but in all cases the loss of pressure is 
proportional to the length of the pipe. Putting dH as the small head of 
fluid which is lost due to the fluid passing through the small length dL, 
or putting dP as the loss of pressure of the fluid of density m in length 
dL, we obtain formulae each including one of the following five coefficients > 
—f i Chezy’s c, j3, /?', £ — depending on the units used : — 


dH £w 2 ( . 

dL=2p \ i0T r ° Und Fpe8 

dP_ f$'mu 2 _ fimu 2 
dL = ~J ~TT 

P x — P 8 _jS M *L_ h _4£«*L 

m D 2(?D ‘ 


dH 

dL - 2gW ’ 


(2-01a) 

( 2 - 016 ) 

(201c) 


Also, let ¥ be the force per unit area 'of the surface of the pipe in poundals 

or dynetf. 
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.Then 


, FL,D= ^ 1 ~ Pi)7rD2 , 

• P-P- 4 -^- 

•• 1 P 2 _ *d’ 

also P -P _ 4m £ w2L 
alsot', P 2 - 29l) . 

F £ . 2F 


wm 


r,=2- or £= 


t/w 


< 2 * 


For the value of/, see equation 2*30 ; /=j8'. 


Chezy’s formula is : w 2 ~ c 2 JH/L. The author’s equation (2*07) is : 
w 2 =(2<7/£)JH/L. From these, c 2 — 2#/£, and Chezy’s c depends on the units 
used ; a comparison of values is given herewith : 

£ = 0-0080 0-0060 0-0040 0-0020 

English c = 28-4 32-8 40-1 56-8 

Metric c — 15-7 18-1 22-2 31-4 


The relationship between the quantities is : 

jS, used often in German reports, (=4j8') — 2 £/g ; 

/, used often in American reports, — £/(2 g) ; 
j3', used when J is used, (--j8/4 =/):- £/(2</) ; 
c , Chezy’s constant, (c 2 =- 1//)=(2^/^) 1 / 2 ; 

F /(mu 2 ), used by Stanton, =£/2. 

Since <7 appears in these expressions, the numerical values of |8, /}', 
/, and c will depend on the units used ; £ is quite independent of the 
units. 

We should mention here the value of J. For a circular or square 
pipe J=D/4 ; for a rectangular pipe J— BD/(2B+2D)— D/2(l + D/B)=D/2, 
when D/B is small ; in Fromm’s tests, mentioned later, D/B=*0375 to 
•125, and therefore J can be taken as D/2. 

The usual expressions for loss of pressure based on weights or volume® 
are 

dP = A 1 M 2 dL/(D 5 m) .... (2*02) 
dP = A2Q 2 dL w/D 6 .... (2*03) 

M =the weight of gas per second in lb. or kg. 

Q=the volume of gas per second in cu. ft. or cu. metres. 

AlA, are coefficients similar to /? : many authors give tables of values 
of Ai/D^Aa/D 5 for various diameters, to be used in solving problems in 
certain types of work, such as ventilation, gas, or compressed-air work, at 
particular pressures ; in such cases A 1} A 2 may be considered functions of 
the diameter only. 

In about half the references consulted, the authorities derive formula) 
applicable to pipes in which the drop of pressure is negligible compared to 
the absolute pressure existing in the pipe, so mean values of the pressure, 
density, and velocity may be chosen without inaccuracy. 
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The more accurate formula for the drop of pressure in long pipes as 
deduced in Chapter IV., viz. 


2 p 2__64£ 

1 2 7T 2 #D 


,CTM 2 L = 


«*£ Pi 

7T7/D 5 


M 2 L 


(2*04) 


holds for pipes where the expansion is isothermal and allows for the altera- 
tion in density. The simpler equation results by the substitution, 


p 1= p 2= p 1 +p 2=ot 

m x m 2 2 m 


(205) 


giving 


p ^ 32£ M 2 L 

1 2 ttW m • 


(2*06) 


. Using the approximate formula, one obtains the same results as when 
using the more accurate formula, if the proper value for the density is 
chosen. In problems where the initial pressure P x and the quantity M 
which is to be transmitted are known, but where the loss of pressure is 
required, a certain value for the density m must be chosen in order to 
determine the drop Pj — P 2 by the approximate formula ; if the value of m 
chosen happens to be the actual mean density, the result would be quite 
accurate ; the result obtained by choosing the density w } at the beginning 
or m 2 at the end is usually good enough, because the value of £ is not known 
accurately. 

The standard formula) used for comparison arc based upon the hydraulic 
formula, 

dH=f dI ^ (2 07) 

2.7 ^ 


H is measured in feet or metres of fluid of the density m at the point where 
the measurement is made. The hydraulic mean depth p, = l)/4 for circular 
pipes, or for square ducts (side=D), when the fluid is a gas, because the 
fluid must fill the pipe completely. Some authors use the coefficient 4£ 
or Z as the coefficient of friction, having incorporated the hydraulic mean 
depth factor with the true friction coefficient £. 

It is impracticable to give formulae with suitable constants for all cases, 
and with the precise units required by commercial men and engineers ; 
for instance, 


Quantity == a constant 


(fall of pressure )( diameter in ft. or in 
(length in ft, or yards or miles) 



Engineers require pressures in inches of water ( h ), in lb/in 2 (p), in atmo- 
spheres, in feet of head of the fluid (H) ; they require quantities in lb/min, 
in lb/hour, in cu. ft. of free air or gas per minute or per hour, or in cu. ft. 
of compressed air at the pressure of delivery or at the working pressure 
per min. or per hour. And in each of these cases the metric units may be 
employed. 

In order to avoid the multiplication of charts and graphs, etc., suitable 
for use when various types of units are used, it is necessary to have one 
standard unit for quantities, and to employ this in the charts ; for instance, 
the charts and figures are based on lb/sec or kg/sec units. Fig. 2*13 
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gives the conversion factors necessary if quantities are in ib/min, lb/hr, 
kg/min, kg/hr, etc. 

Similarly with regard to £ : a particular value of £ is chosen when 
drrftoing up the charts, fig. 2*8 to 2‘11 ; if any reader prefers to use some 
other value — say £' — the volumes, quantities, loss of pressure will be 
altered accordingly. To allow for this, the reader must multiply the result 
obtained from the chart by various factors, as follows (these aje also in 
Tab ] e 2*1) : — 


i 

Factors given or known. 

Required factor 
obtained from 
chart. 

To find the true 
value, if not ( is 
used, multiply by 

Density, quantity, loss of pressure 

Diameter 

(£70' 

,, velocity ,, . . 

»» 

(c/n* 

,, diameter ,, . . 

Quantity 

>1 »> M • 

Velocity 

(£70 

„ ,, quantity 

Loss of pressure 

„ „ velocity 

* » 

> i 


£ is Unwin’s value of the coefficient of friction (see fig. 2'1, Table 2*1); 
£' is the reader’s value of friction (see fig. 2'1, 2*2, 2*3). Some formulae are 
given here, the unit of length of pipe being always feet or metres. To 
convert quantities given by weight to quantities by volume, see fig. 2*13. 
The numerical value of £ is purposely omitted from some formulae, so that 
each individual can insert a suitable value for the problem in hand. Headers 
who are satisfied with the value of £ given by particular authors could use the 
tables to be found in the relative original paper. Martin, Kinealy, Richards, 
Cox, Lasehinger, Lorenz, Fritzsche give such tables. Straight-line charts 
on logarithmic paper, using Unwin’s £, are given in fig. 2*8 to 2‘11, for use 
instead of formulae. 

These formulae are based on Eq. 2*02, 2*03, 2*04. The constants 
have been calculated by a slide-rule, so the accuracy is about 1 per cent. ; 
the various factors are not usually known to this degree of accuracy. The 
value of <7 has been taken as 32*2 ft/sec 2 , or 9-81 metre/sec 2 , and the 
temperature T as 521° F. or 290° C. The suffix 1 in these expressions 
refers to factors at the beginning of the pipe, the point of greater pressure, 
and the suffix 2 to factors at the end of the pipe, the point of lesser pressure. 

For meaning of symbols, see folder facing p. 65e. 

1st. General formulae allowing for the variation of density of the gas 
flowing in the pipe line : — 

Loss of pressure, Pi 2 — P 2 2 =^ 2 ^^M 2 L =c 'M 2 L . . . (2’08) 

c'=f-?-4W=D" ~ • • • ■ (2 '08a) 

64CT/(ff 8 0)=558O (Eng. or metric). j 
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Quantity, 

M _r(P 1 *-P 2 *)D«7rV 1 f * 

L -L l 64i\ J 

. (2085) 

Velocity, at the point wheTe the pressure is P, 


u 

RP^-IV) D g ]* g ffCT 

L L 4£ P«J ’ P Mi” P 2 ' 

. (2 ‘08c) 

Pressure, 

P = fPj 2 — i"'M 2 L]i 

. (2*08d) 

where L is the distance from the loginning. 


2nd. General formuhe assuming a mean density m : — 


Loss of pressure. 

p p 2 £wt# s L L 

’ Ar i2 “" <jD~~~~ P j)~ • 

. (2 09) 

Values of ^ 

Quantity, 

__32£M 2 L _/ 64 £ \M 2 L 

7T 2 (jT) ri m 2 in 

. (209a) 

are given in Table 2T. 

|(P 1 -P t )D»*^»|* 

L L 32 £ j • ' * 

. (2-095) 

Velocity, 

r (P x — P 2 )D g -]» 

L ~ L 2£m 1 

, (2 09c) 


Then we have particular formulae with and without the value of £ 
inserted for the various factors. 

3rd. Weight of gas transmitted : — 


•“(»*)]* . . . 

. (210) 

Lb/8ec=-°^-[^ 1 -^— — J* , for air at p 0 

. (2‘lOa) 

•02105[~ (}>i—p^d s m -|» . 

— VT L L -0764J * f0ran ^ a8 

t (2-106) 

•0758r(/j 1 -p 2 )d 6 m'|i 

“ L L J * • - 

. (210c) 

Lb/hr=l3.94[ ( ^-^]* .... 

. (2-10d) 

_ , i-74 rM s «n* 

Kg/sec- 1 q 5 v /^L L J 

. (210e) 

-sa^rr*-* ■ • 

. (2*10/) 
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Kg/sec = •000225[^-]* , if £= -0060 

=•000166^^- J*, for gas if ™=0-613, and £=0-00673 . 

i mn 

Kg/min=- 1 QQ^ -jj- J , for gas, as above. 

4th. Volumes of gas transmitted at mean density m : — 

Cu.ft.persec.=^[fc^-J* 

Cu. ft. per min.=^ \ 

=vi! KT* for aiT at • • • 

„ r/d) 5 77 2 (9-81)”| i 

Cu. metres per *».- — J 

•55 I” h(V ~ ji 
— IOV^LLwJ 

= l:Ii r^:T, D' in cm . . . 

10'V£L Lm I 

_ 493 rhd’ll for ai W)1 .220 . 

~10Vd-Lj 

„ x . -000178 r/»i 5 l* for air at „ 

Cu. metres per hour = ,y/£ ~l_ l7 j > I(,r air at Po 

_ j0572 I ItD J "j- , | ()r a j r or g as a t . 

V(lp) L L J 


= 1-00 P"? ’’I*, when p=- 55, £=• 

L J =-50. = •< 


00G0 

50, =-00657 

= •45, =-0073. 


Cu. metres per min. = 2 — J > for air at >'» 

5th. Velocities : velocity at mean density m : 

- * r( p i- p *) D a T 

Feet per sec. 2 ^;J • • • * 

=P— F f f , for any gas . 

V( m 0 L L J 


( 2 * 10 //) 

(210A) 

( 211 ) 

(2-lla) 

(2-116) 

(2*llc) 

(211<Z) 

(211c) 
(211/) 
(211 g) 
(2-116) 
( 211 /) 

( 212 ) 

(213) 

(2*14) 
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Feet per sec>= ~^[^ 1 ' * or a * r at l } ° • 

. (215) 

= 7jLlJ > forairat i'o 

. (216) 

Metres per sec = |j^ ^ J .... 

. (217) 

2-216 

-V(S/«)L'lJ • • • • 

. (218) 

0-07 riidl} 

~ \/(Iiii)L L J 

. (2-19) 

0-0G35r/id1i 

-vtUJ • 

. (2-20) 


Table 21 .— Functions of Dtameter and Coefficient of Friction, using 
Unwin’s £ : English Units. 


D. 

d. 

Unwin’s 




vw- 


(rf+3-(i) 

Ad). 

f P 

5r/4 21-6 

w 

^2(74-3-6 

(■ 


1) M 

b 4 

.d+ 7-2 

0416 

i 

•0194 

0-53 

1*89 

•00137 

4*126 

00565 



■526 

0625 

1 

*0156 

1-00 

TOO 

•003n7 

5-67 

•01742 


’•0376 

•545 

•0823 

1 

•0124 

166 

•60 

■U0545 

73 

•0398 

4-600 

1250 

H 

00929 

3*36 

•296 

■0123 

10-4 

*1255 

•447 

•5880 

•573 

‘1666 

2 

•00757 

5 51 

•182 

■0219 

13 3 

•291 

•0876 

4*0000 

•1875 

2* 

•00700 

670 

•149 

•0277 

14 68 

■410 

•0452 

9'00 

•585 

•2088 

s 

■00658 

7*93 

■126 

•0343 

16-00 

•548 

0232 

17 80 

•2500 

•00594 

10-4 

•096 

•0492 

18-28 

•900 

•00908 

60*00 

•594 

‘3333 

4 

•00513 

16*2 

•0017 

■0875 

22'80 

2*00 

00188 

394-0 

•610 

'4166 

5 

■00484 

2-2-5 

•0445 

•1370 

26-86 

3-68 

•00050 

1670-0 

•620 

■6000 

6 

•00432 

29 0 

•0345 

1970 

30T)5 

6-00 

•000206 

5100 0 

•630 

•666 

8 

•00392 

427 

•0235 

*350 

37-0 

13'0 

... 

34000-0 

•614 

‘833 

10 

•00367 

57*0 

•0176 

•546 

42-8 

23-3 


357(1 0) 6 

•654 

1-000 

12 

•00351 

71 

•0141 

•785 

477 

37-3 

... 

•660 

1-338 

16 

*00330 

100 

•0100 

1-400 

56 7 

79-3 

For use in Eq. 4*30«. 

For use in 

1*500 

18 

•00324 

116 

•0086 

1778 

61-0 

108 



l-.q. 4*29. 

1666 

20 

•00318 

131 

•0077 

2-185 

65*0 

142 




2000 

24 

•00311 

158 

•0063 

3*142 

714 

224 




2 '333 

28 

•00304 

193 

•0052 

4 ‘270 

78-8 

336 




2*666 

32 

•00300 

223 

0045 

5-520 

84-7 

467 




3 000 

36 

■00297 

251 

•0040 

7-080 

90 0 

637 




Correc- 

tion 

factor 

••a 

C 

c 

( 

C 

C 

( 

... 

(ff 

. tf) ‘ 





Multiply by correction factor, if f is 
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Table 2*1 — continued. — Functions of Diameter and Coefficient 
of Friction, using Unwin’s £: Metric Units. 


d 

mm. 

Unwin’s 

c- 

T - D 

^■*=L 

II 

10 

*0274 

0 0914 

10*96 

20 

*0150 

0*333 

3-00 

30 

•01093 

0*686 

146 

40 

•00885 

1 13 

*885 

50 

•00764 

1-64 

*611 

60 

•00681 

2 2 

•455 

70 

•00624 

2-81 

•357 

80 

•00577 

3*47 

•346 

90 

00545 

4 13 

*242 

100 

*00517 

4-83 

•207 

120 

*00475 

6*31 

’1586 

140 

•00447 

7*83 

•1280 

160 

•00424 

9*45 

•1060 

180 

*00407 

11*05 

•0905 

200 

•00393 

1271 

•0785 

250 

•00369 

17-4 

*0575 

300 

*00352 

21-3 

•0470 

400 

00331 

301 

*0330 

500 

•00320 

39*1 

•0256 

600 

•00312 

48*0 

•0208 

700 

•00306 

57-0 

*0175 

800 

•00301 

66*5 

•0150 

900 

•00298 

75*5 

•0132 

1000 

•00295 

84*6 

•0118 

Correction 

c 

c 

c 

factor 

f 

c 

c 




d "=*:?. 

04£ 

(D")». 

•0000785 

0*946 

*000074 i* 

•0086 

•0003140 

1*82 

•0005710 

•0239 

*0007060 

2*59 

•0018400 

1 '0428 

•0012550 

3 33 

*0041770 

*0645 

•O018600 

4*01 

•0074500 

•0861 

•002S250 

4'64 

•0131000 

•1142 

•008843 

5-25 

•0202 

*142 

•005020 

5*83 

•0293 

•171 

•006360 

6*35 

•0405 

•201 

•007850 

6 88 

•0540 

•232 

•01130 

7*87 

*0790 

•281 

•01537 

8*76 

•1345 

•366 

•02010 

9*62 

•1930 

•438 

•0254 

10-40 

•264 

•513 

•0314 

11*15 

•350 

*590 

•0491 

13*05 

•641 

•800 

•0706 

14-44 

1-020 

1-010 

•1255 

17*2 

216 

1*470 

•I860 

19*6 

364 

1-904 

■2825 

21-7 

6*13 

2-48 

•3843 

23-6 

9-06 

3 01 

•502 

25 6 

12-8 

3*57 

•636 

27*2 

17*3 

4*16 

•785 

28 '8 

22-6 

4 75 

... 

& 

( 

c 

(?)■ 


Multiply by correction factor, if f is 


B. Values o! £ for use with Eq. 2*04, etc. 

The following tables give approximate values of £ as used by different 
authorities. The values were obtained by slide-rule calculation, and may 
be inaccurate to 1 per cent, or so. Mean values of pressure, density, etc., 
were chosen in deducing £ from the various constants used in the original 
formulae. 

£ is independent of the system of units used : it represents the propor- 
tionate loss of velocity head in a length of pipe, and is merely a numerical 
factor. This can be seen at once by looking at the dimensions of units 
in Eq. 2 07. 

In Table 2*2 £ is independent of the diameter. The constant in Table 
2*3 varies with the units used, as it is associated with diameter ; in Table 2*4 
it also varies with the units. Fig. 2*1, 2*2, 2*3 should b<* scrutinised along 
with these tables, so that the nature of variations of £ with diameter or 
quantity may be seen. 

These values of £ are assembled together in order that anyone using a 
particular author’s formula may know what value of £ is included, and for 
what ranges such a value may be correct. 
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Table 2 2. — Values of the Coefficient oV Friction, £, 

GIVEN AS BEING INDEPENDENT OF THE DIAMETER. 


c 

Equation. 

Authority. 


Equation. 

1 « 

j Authority. 

i 


f Steam Flow. 

For Air Flow 

in Mine Shafts. 

•00516 

2*51 

Ebcrle 

•01520 


Atkinson 

•00702 

• 

Gutermuth 

*01070 ^ 



008075 

• 

Geipel 

* 

Wabnor 

•00830 

2*52 

Geipel, Booth 

•01600 J 







Gas Flow. 


Compressed Air Flow. 




•00300 

2*56 

Kempe 

00415 

« 

Robinson 

*004001 
*00500 i 

2'60 

Church 

•00431 

•00453 i 

2*34 

Hawkesley 

*00415 

• 

Norwalk Iron Co. 

} 

2-40 

Oliphant 

•00435 

2*54 

Batcheller 

•00530 J 


•00450 

2-62 

Ledoux 

•00467 

2*38 

Pittsburg 

-00460 

2-57 

Kent 

00518 



•00550 

2*61 

Johnson 

o 

o 

o 

2-42 

Lowe 

•00550 

* 

Laidlaw-Dunn 



•00555 

2-57 

Rix 

•00552 

« 

Ilurst 

•00570 

2*40 a 

Cox 

•00640 \ 




Air Flow, 

Ventilation. 

*01170 ( 

2*43 

Hurst 

•00276 i 

2*34 

Girard, via Masse 

•01920 ) 



*00330 \ 



■00608 

• ^ 


•00440 J 
*00870 J 

270 

Brabhee 

•00735 

2*34 J 

Pole 

*00370 'v 


Harding 



( Chapman Valve Co., 

VwU f V 1 

•00460 J 

2 21 

•00640 

2*43 

-J Pole, Geipel, Kil- 
[ gour 

•004401 

*00000 J 

2*31 

Treat 

•00644 

2-34 

Schilling 

•00675 

2*656 

Eason 

*00650 

2*44 

Beard more 

*00600 

2*23 

limes, Leloug 

•00655 

2-36 

Thomas 

•00600 

• 

Buffalo Forge Co. 


•00631 

• 

Sturtevant 

•00663 j 

2 ’34 

Cripps 

•00633 

2*31c 

Sturtevant 

•01540 ) 

•00633 

00633 

2‘29 

2316 

Kinealy 

Tliorkelson 

*00543 

2 34 

Masse 

00644 

2*30a 1 

Taylor 

•00815 / 



•00645 

2 26 

Kempe 

•00687 

2*34 

| Monnier 

•00647 ; 

« • 

Martin 



Rix 

•00700 

2*45 

Hawkeslcy 

•00920 

2*58 

•00755 

2*79 

Stanton 

•01170 

2 43 

| Molesworth 


The values marked * are those given by Laschinger in the Journal of tht 
Transvaal Mining Engineers , 7/164/1909. 
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Table 2*3. — Coefficient of Friction, f, given as Depending 
on Diameter. See Fig. 21. 


Authority, 


Rabcox, Wilcox, ^hnston 

Unwin 

Richards 

Carpenter 

Martin 

Low 

Arson, via Carpenter 
Harris 

Riedler, via Unwin 
Hausbrand, Schmidt, Meier, 
Stoekalper 
Lasehinger 
Loivnz 


• 

f. 

English. 

Metric. 

Equation. 

•00270 

U+ 3/D). 

(1+-0915/D) . 

/ 2*49 
■] 2*54 

00223 

(1 + '3/D), 

(1 + -0915/D) . 1 

( 2*63 

2 22 

•00260 

(l + *3/D), 

(1 + ‘0915/1)) . j 

00295 

(1+-3/D), 

(1 + 09 15/D) . 

/ 2 *47 
\2 54 

*00500 

(1 + '3/D). 

(1 + *091 5/D) . 

2*23 

*00655 

- '003020, 

- 009901) 

2*64 

00440 

(1 + 1/7D), 

(1 t -0436/D) . 

2*53 

*00193 

(1 + ‘656/D), 

(1 1 -2/D) . 

2*24 

00125 

+ '00217/D », 

+ -00120/1)® . 

2 *5 9a 

•00368/D' 301 *, 

•001 43/1) so » 

2-68 

•0U650 

•0604 

•0604 

+ 8 *3 Y - 48 * 

2*28 


+ 2-54Y-48 


Darker, Rietschel, Brabble 


Table 2 4. — Coefficient of Friction, £, given as Depending 
upon Various Factors, m , u , D. 


Equation. 


Authority. 


u™ 

■0036 + — f- 9 .... 

u 60 

000745 

-S3T- 

•0039 



•00367 

D-87^-883 * 

•0080 

0 

^ 00756 ^ 

1 ) 606^*084 

•0135 + " + ™ . . 

du 60 

01236/ T Y 14 » 

I)i*» \pu) 

*00309+ ^068 + ~ + ^0300 
u D wD 
•0018+ -OlbZiv/uV)** . 


2 ’67a Weisbach, via Church 

2*77 Weisbach, via Meier 

• Weisbach, t rid Lasehinger 

275 d Kneeland 

* Lasehinger 

2 70a Felzer, via Brabble 

277a Meier 

2 '67 Saunders 

... Meier 

2736 Fritzsche 

2*27 Rietschel 

2 ’85 Stanton, via Lees 






Diameter in Inches. Small Pipes. Diameter in inches. Large Pipes. 

Fio. 2T. — Coefficient of friction, various authorities. See Table 2 3 for the equations to various curve* 






oio 



50 100 200 5L 

Kilograms per Horn 

Fio. 2*2. — Coefficient of friction, f, depending upon q\ 
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Fio. 2*3. — Coefficient of friction, f, depending on or and on diameter. Given 

pu MO 

by Fritzsche. The numbers against the curves are values of T /(pu) in metric 
units. When using English units, viz. T absolute Fahrenheit, p lb/in 2 , u ft/sec, 
multiply tho value of T /{pu) by 26 to bring to the metric value. 


0160 
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The following are later values of £ 


Bisset. 

Mass. 

►Cullen. 

Conrad. 

► Konig. 


- McElroy. 

Auscher 0 
Stockalper 0 

Odell 0 

Ledoux 0 
Daubisson 0 
Hey quotes 0 


•00878/u 17 Baufre. 

•00235+ -0020/D* 5 Biel. 

•000388 /m‘ 23 I)* 275 Preston. 

•003+ *0005/ (wD)’ 5 Lang. 

•00226 /w’ 44 D’ 71 Forschheimer. 


•05594/X’ 25 Blasius. 
•0705/X* 27 Fromm. 
•0818/X' 253 Jakob. 


C. Discussion upon various authors’ formulae. 

Harding (Amer. Roc. Heat, and Vent. Engr ., 19/219/1913), 1 in calculating 
the sizes of ducts in ventilating systems, gives, 

. . . (Ml) 

m 2 g$ 2g[x 

Y is the perimeter, S the section. In his tests the velocity varied from 
25 to 42 f.p.s. Eq. 2‘21 gives £ = -0037 for smooth sheet steel ducts 12 in. 
to 48 in. in diameter ; he suggests that 25 per cent, should be added in 
practice to allow for bad alignment and roughness. 

Carpenter (Heat, and Vent., p. 140), from experiments made with steam 
flow, found that 

£-(•00223— 00260)(l + *3/D) . . , (222) 

and also stated that Arson had given friction as, 

£=(-0050)(l + -3/D) .... (2-23) 

This gives too big a value for £ : it is possible that the factor including 
D has been added to *0050 in error. 

Innes (Fan, p. 5) says that Lelong gives £ — *0060 for ventilating ducts. 
Hausbrand (Condensing Apparatus, p. 161) quotes Schmidt’s formula, 

^ ==78 1 qi°I)~( 5 +X)) ( metric units ) • • • ( 2 ‘ 24 ) 

The formula is supposed to hold for tubes 150 to 200 mm (6 in. to 8 in. 
in diameter, and gives £ = *00193(1 + -656/D), D being in feet. See also 
Eq. 2*77. 


} The reference 19/219/1913 stands for vol. 19, p. 219, year 1913. 



COEFFICIENT OF FRICTION IN PIPES. 


33 


Grierson (Modern Methods of Ventilation , p. 37) gives for the flow of 
air in galvanised iron ducts (English units), 

*=l-73(-00012) , '>® L) (^) . . . (2-25) 

For air ducts of brick and plaster, *00022 replaces *00012; £ becomes 
•00630 and *01150 respectively. * 

Kempe (Year Book , p. 1575) gives the formula for the loss of pressure 
in ventilating ducts as, 

v 2 L 

/<= 14450i’ givbg 00645 * * * ( 2 ' 2(i) 

Rietsclu‘1 ( Gesundheils Ingr., 28/315/1905), in making tests upon air flow 
in ventilation channels, found a formula for the coefficient of friction for 
tubes 32 to 370 mm in diameter, in metric units, 


r nmnu , -00209 , -000337 , -000878 
4= -00309 H - \- Y +--y~ ■ 

This can be put in the form with D and u for round pipes, 

^• 003094-^ 9 + ^ + -° 0 ° f 8 . 

* u D wD 


(2*27) 

(2*27a) 


Barker (Heal, and Vent p. 89) quotes this work of Rietschel, and also 
mentions a formula for the friction in rough chimneys about 20 in. in 
circumference, 


£=•0065 + 


■0604 

2*54 Y — 48 * 


(2 '28) 


Eq. 2*27 and 2*28 are given by Brabbee ( Z.V.D.I . , 60/441, etc./1916). 

Values of £ as calculated from Eq. 2*27a are given in fig. 8a of Barker’s 
book. The interesting point is that the coefficient decreases as the velocity 
increases. This is due to the fact that this coefficient is associated with u 2 . 
Fritzsche, Meier, and others have found that the loss of pressure varies at 
a less rate, viz. a 1 * 852 , w 1 * 9 instead of u 2 ' 0 ; the factors w~* 148 , tr** 100 are 
partly allowed for then by the terms in which u is in the denominator. The 
variations in £ (using Eq. 2’27a) are only large when the value of u is low ; 
thus £ varies from *0040 to *0035 while the velocity varies from 10 to 50 
ft/sec. Barker’s derivation of the equation for loss of pressure in pipes 

follows that of Harris, but is hardly so clearly expressed ; Barker’s constant 

is merely £. 

Kinealy (Mech. Engr ., 16/302/1905) states that the loss of pressure for 
air at atmospheric pressure flowing in pipes is, 

F(o Z /m*)=(^) 2 i|£- . . . (2-29) 

Then, if w 0 =*0764, £=*00633. 

Working from this equation, he gets, 

for round pipes, 60Q=60M/w 0 =5*15(dF/L)* . (2*29a) 

for square pipes, 60 Q= „ j=6-54(dF/L)* •. (2*296) 
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He says that the constant should be reduced to 4*4 and 5-5 respectively 
to allow for the roughness of pipes in ordinary use; then £=-0087 instead 
of '00633. The figure *0087 seems unnecessarily high, in the author’s 
opinion. 

Taylor (Trans. An/er. Nav. Arch, and Mar. Engr., 13/9/1905), in describing 
experiments upon ventilating fans for warships, states that the head of air 
required to drive air through ducts is, 

H= Pi ~P 2 _7 m2l ^D (2-30) 

m 0 S 

Jr /2.977-I) w 2 L 

or II== S 

then /=£/(2#) = j3/4 .... (2‘30a) 


His tests were made to determine / — where fm 0 is the force in lb. required 
to move 1 cu. ft. of air at atmospheric pressure over 1 sq. ft. of surface at 
a velocity of 1 ft/sec — and showed that /varied from -000075 to -000103 for 
pipes 6 in. to 27 in. in diameter ; but the value was greatest for the largest 
pipe, the difference being due to some local variation in the make-up of 
the pipes. Most of the tests gave / about -000080, and Taylor says this is 
a suitable value for pipes more than 6 in. in diameter when well laid. For 
general use he recommends /= -0001 00, making £ = -00644. / was found to 
be independent of the velocity. On p. 31 of his paper are given conclu- 
sions as to the best sizes of branch pipes and the most suitable angles at 
which to take these from main pipes in ventilating systems. 

Treat (Trans. Amer. Soc. C.E. , 34/1019/1912) says that for round 
galvanised iron pipes the head in inches of water is, 

h=h" L/(40D) .... (2*31) 


where velocity inches —u 2 f(2g) in inches of water. 

For smooth, straight pipes the divisor is 60 instead of 40 ; this gives 
£=•0041 for smooth pipes, £=-00612 for rough pipes. 

Thorkelson (Air Compression, p. 48) gives the loss of pressure in square 
galvanised iron ducts as, 


16 (pi-^ 2 ) 

For circular ducts. 


perimeter ?/ 2 L _ u 2 Ij 
area 10 5 plO 5 


(2*31?,) 


iHPi-Pz) 


v 2 L 

25000<f 


giving £= *00633 


(2-31c) 


Eq. 2*31c is given on p. 155 of Sturtevant’s Mechanical Draft . These 
formulas are based on Weis bach’s work. 

Bisset (Marine Engr., 25/720/1920) gives a chart for air flow in ventilat- 
ing systems with value of h/L from -0014 to -120 inch of water, diameters 
of 2£ in. up to 30 in., and with quantities of from 100 to 20,000 ft 3 /min, 
using £=0*0065. Broun Boveri C . Mitt., 8/157/1921, gives a log chart 
for air flow using Hutte’s valqe of £. 

Fischer (Z.V.D.I., 65/469/1921) gives a complicated nomographic chart 
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for air flow, based upon Stanton’s value of £. Fischer’s equation is : 


Pl-P: 


0*5Lw 2 m 

9 - 81 . 1 '' 


mu 2 


ErfP for bends, elbows, etc. 


It is better to work out the equivalents for bends, rfP depending on the 
velocity u. » 

Taylor ( Amer . Soc. M.E. Jour., 42/334/1920 ; Power , 51/1022/1920), 
testing air flow in small tubes, and measuring velocities with a Pitot tube 
of *25-in. diameter mouthpiece, found in 1^-in., f-in., and f-in. pipes, 
respectively, £=*00182, *0020, and *00194, when the pipes were clean, and 
•00292, *0041, and *00435 when the pipes were dirty. 

McElroy (U.S. Bureau Mines Serial , 2540) tested air flow in galvanised 
iron pipes and in rubber pipes 500 ft. long and 8 in. to 16 in. diameter ; 
the results gave £=-0077, -0063, and -00465, respectively, for canvas pipe, 
sheet-metal pipe of average quality, and very good sheet-iron pipe. 

Maas (Bau. Ing., 3/645/1922) describes the ventilation of the Konigstuhl 
tunnel at Heidelberg ; this tunnel is 8200 ft. long, sectional area 485 ft. 2 , 
perimeter 84 ft., J=5*7 ft. A shaft, 8*2 ft. in diameter and 320 ft. deep, 
was sunk through the mountain to a point about 4000 ft. from each end. 
It was later on enlarged to 1 1 ft. diameter to reduce air resistance. To 
keep the percentage of C0 2 down to 0-15 per cent, required 22,200 ft. 3 of 
air per lb. of coal burned ; this meant 3950 ft 3 /sec, for delivering which 
three 100-HP machines were installed. Investigations on the air motion 
after trains showed that it lasted from 6 to 12 minutes from the beginning 
of the passage of a train, whose transit time was 21 minutes for an express 
or 8 minutes for a goods train. The pressures required to suck quantities 
of air out via the 8*2 ft. diameter chimney were : 

Quantity, ft 3 /s. 3700. 4500. 6600. 7400. 

h= 2*6 3*7 8*7 11*0 in. water. 

£=•00160 *00157 *00174 *00174 

By increasing the diameter to 11 ft. the pressure loss was reduced by 75 
per cent, of its original value. 

Polkinghorne (Che?n. Met . and Min. Soc. Africa , 27/139/1926), in testing 
the flow of 900,000 ft 3 /min (25,500 m 3 /min) of air, found that 


h in. 


0*0165 

5*2 


u 2 L 



giving £=0*00508, assuming 1 lb. air=13*l ft 3 . 

Cullen (Univ. III. Bull. 24, No. 6/1926) gives figures for friction in mine 
passages where velocities varied from 38 to 70 ft/s ; £ appeared to be from 
0*002 to 0*026, depending upon the type of passage tested. The discussion 
is continued in Bulletin No. 170/1927. 

Berlowitz (Z.V.D.I., 64/208/1920) suggested that in gas distribution 
networks at 50 mm. of water the allowance for leaks should be 50-100 
litres/hr/km, =1-2 ft 3 /hr/mile, approximately. He gave equations for loss 
of pressure in a pipe of area s , per unit length of pipe, allowing for leaks, 
and showed how considerable the loss of pressure due to leaks may be. 
The calculations are too long to be reproduce^ here. % 
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The next batch of formulae refer to gas flow. 

Masse (Le Gaz , vol. iii. p. 622) quotes various formulae for the loss of 
pressure in mains, but considers that Monnier’s are the most convenient 
for use. He mentions three types of formulae existing : 

In type 1 the loss of pressure varies as the quantity. 

, „ 2 „ „ „ as au+bu*. 

„ 3 „ „ „ as the (quantity) 2 . 


The first type only holds when the motion is not turbulent, that is, 
when the velocity is less than the critical velocity ; the second type is 
Arson’s, whose values of a and b are given by Masse : 


When d varies from 50 mm to 500 mm 'J 

,, (a „ -000702 to -000125 )■ . 

then { b „ -000593 to -000510 J 


(2-32) 


The third type of equation is ordinarily used by engineers, and is, 

(metric) . . (233) 

3600Q=K^j l =K| D I | / 'j i . . (2 33a) 

In the second form, with K' a value has been inserted for the specific 
gravity p of the gas : Masse chooses p=0-40, but it varies, and may be as 
high as 0-60. 


Values of K and K' are found by comparison with the expressions, 


~ [7/ (in mm) D 5 'll 

Cu. metres per sec. = |_ ^ -jj- J 

. (2336) 

r 3*037/ D 5 ”]* 

Cu. metres per hour=3600^^ J 

. (2’33c) 

If the diameter is expressed in cm, 



(234 

The relations between K , K', p, and £ from Eq. 2'34 are, 


K -0571 

(p)*~a P r • • * 

r (-057 1) 2 [-05711* -00327 

p(K') 2 "L K J ~p(K') 2 • ' 

. (234a) 

. (2346) 


If K' = l-0 and p = *40, then £ = -00815 
p=*50, „ £ = -00653 

p=-60, „ £=-00543. 
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Masse (p. 626) mentions the following values of the constants from 
which £ is deduced : — 



K\ 

K. 

f if p=*4C 

Girard, for air 


1*09 

•00275 

Hawkesley, for gas 


•087 

•00431 

The ordinary formula . 


1*045 

,•00300 

Monnier, in 1876 .... 

. 1*09 

•69 

•00687 

Pole 

. 1*04 

•6659 

•00735 

Schilling ..... 

. 1*123 

•7106 

•00644 

Ingenieur Metallurgistes handbook 

. 1*04 

•6658 

•00735 

Cripps (Flow of Gases) . 


•7010 

•00663 

„ (small pipes) 


•4600 

•01540 


Grebel’s abacus is discussed in Jour . Gas Lighting , 114/104/1911. It is 
said that the formulae for gas flow in use previously were of the form, 

3600Q = K'[£(D') 5 /L]i .... (2*35) 


where 


Girard 
Mayniel 
Schilling 
Monnier 
King’s Treatise 


gave 


>> 

)9 

if 


K' = -845, giving £=-0082, if p=- 


= - 860 , „ 

= 1*091. „ 

= 1-091, „ 

= 1 - 120 , „ 


= •0079, „ 

= •00532, „ 

= •00532, „ 

= •00587, „ 


5 


The writer of the article states that tests on a 3-in. (7-6-cm) gas main 
4 miles (6-44 km) long gave K' = l-00, with =-613 kg/m 3 , p = -50, 
£=-00675. 

Thomas (Jour. Franklin Inst., 172/411/1911) mentions the following 
formula) for gas flow, starting with Pole’s formula of the year 1851, viz. 

[ 7 .W5 ~|J 

pl/3j ’ givi “ g £ = '°° 655 * * ( 2 ' 36 ) 

Unwin’s formula for the flow of gas down inclined mains is, 

m= 4-012[DH/( £L)]i .... (2-37) 

wt “« 

z x and z 2 being the heights of the ends of the line above the arbitrary datum 
level. A fuller discussion on this matter is given in Eq. 5*60, etc. 

The Pittsburg formula is, 

3600Q = 3600M/m ff ==3450[(p 1 2 -p 2 2 )d 5 /L]i . . (2*38) 

m a =density of the gas = -0458, p— 0-60, £=*00467. 

Oliphant’s formula is, 

3600Q=42E[(p 1 2 -p 2 2 )5280/L]* . . . (2*39) 

where E = 16-5 for a 3-in. pipe, E = 2055 for a 20-in. pipe, then 

p£= *00320 „ „ p£= *00273 „ 

if p — 0*6, £=*0053 and *00453 respectively. \ 
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Cox’s formula is similar to Oliphant’s, but p=0-65 and the constant is 

41-3 (5280)*, giving £=-0057 (2'40a) 

Lowe’s formula is, 


60M 


*=Q=constant r ( £lT_£a)f iPllEo)' 

L L m a p o J 


(241) 


which ha 3 to he compared with the standard formula, 

n _ 60 [ (Pi- yjd 5 (Pi+P 2 ) Wg -|* 
L(12) 3 £ 64 2P 0 J 


(2'41a) 


The factor (P 1 +P 2 )w i ,/(2P 0 ) = the density = Lowe’s (pi+p 0 )WPo» because 
Lowe uses p x as the gauge pressure, not the absolute pressure. Eq. 2*41a 
becomes, 

• • • • < 2 ' 42 » 

Lowe’s constants are 52*7 for 2-in., and 63-2 for 24-in. pipes, giving 
£=•0074 and *00518 respectively. 

Hurst (Arch. Surv. Handbook , p. 113) gives the expression, 

Q60 - A [^5]‘ ■ • • • < 2 “> 

and says that 

A= 780 for branch pipes, £ = *01920 
A=1000 for main pipes, £ = *0117 

A=1350 for ideally good pipes, £ = *0064. 


The last value is given by Pole, by the Chapman Valve Co., and by 
Geipel and Kilgour (Elec. Engr. Form., p. 294). Hurst’s £ for branch pipes 
seems big unless it is assumed that these are of very small diameter. 

Molesworth ( Handbook , p. 552) gives the same formula with the constant 
as 1000, £= 0117. 

Martin ( Engineering , 63/361/1897) quotes Beardmore’s formula, 


M 2 L (144)(3600) 
1 2 ~ 3192;>.d 5 ’ 


giving £=*0065 


(2*44) 


Chandler (Jour. Gas Lighting , 109/357/1910 ; and Eng. Record, 62/384/1910) 
gave a paper concerning the flow of gases in small pipes. The discussion 
which followed was lengthy ; both the author and those who criticised the 
paper seemed to have been surprised that Dr Pole’s formula (Eq. 2*36) did 
not hold for small pipes. The speakers apparently did not realise that the 
coefficient of friction depends upon the diameter, and, though the variation 
with diameter may be neglected when pipes of large diameter are being 
used, yet the alteration of £ with diameter is very great when D is small. 
Chandler discussed Pole’s formula and found it did not hold for small pipes. 
He made tests to determine the flow in J-in., f-in., and J-in. compo. gas pipes ; 
the quantity delivered through lengths from 12 ft. to 59 ft. long at definite 
heads was measured. The velocities of the gas were very low, viz. 0-25 
to 15 ft. per sec. (0*076 to 4*5 metres per sec.) : some of these are below the 
critical Velocities for the pipes, which explains why the quantities delivered 
varied as P x — P 2 not (Pi— P 2 1*. 
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In the discussion one writer suggests that tables concerning gas flow 
should use yards as the unit of length. This is a backward step, because 
the English unit of length is the foot, and velocities are measured in feet 
per second ; it is quite easy for an engineer to multiply or divide by three 
if the records are in yards not feet. Standard units only should be used 
in formulae. 

Hole ( Distribution of Gas, p. 14) determines the loss of pressure in pipe 
lines from Dr Pole’s formula, but mentions the later tests of l/nwin and 
others. Newbigging (Handbook for Gas Engr ., p. 277) on this same question 
takes up a peculiar standpoint : he quotes and uses Pole’s formula (King’s 
Treatise , vol. ii. p. 374), but mentions that the formula is inaccurate in 
many cases ; then he states that “ he uses Pole’s formula because no 
theoretical calculations can be accurate under the varying conditions of gas 
supply.” To adopt such a position is unsatisfactory ; to use old formulae 
based on a few tests in preference to new formulae based on many tests and 
on increased knowledge shows a lack of adaptability and energy. Even 
though no formula will be perfectly accurate, it is best to use the most 
accurate formula available. Pole’s formula holds when the coefficient of 
friction is -0060 ; most of the later formulae take into account the effect 
of the diameter, and therefore give better results than Pole’s formula in 
most cases. The real dislike to accurate formulae is based upon the extra 
work involved in using them, as they are complicated ; but there is no reason 
why tables based on the more accurate formula should not be drawn up, 
once it has been decided which of the complicated formulse best suits the 
conditions. 

Hawkesley’s formula, as quoted by Molesworth (Handbook, p. 554), is, 

u=396(M)/L)* .... (2*45) 


giving £=-0070, if w 0 =-0764 ; Martin gives the formula as, 


u = 48 


2L£E]\ £=-0070 


(2-46) 


The formula which Martin himself recommends ( Engineering , 63/361 /1 897) 


is, 


„ (60M)»L( l + -3/D) 

Pi P a 7000 nid 5 


(2-47) 


giving £=*00295(1 + -3/D) ; this formula he chooses after discussing many 
of the existing ones for gas, air, and steam. He gives charts for finding 
loss of pressure, quantities, diameters, etc., for various conditions of flow. 

Shattuck (Amer. Gas Journal, 82/648/1905) quotes a number of formulae 
for gas flow and compares them for particular cases ; like Martin and others, 
he failed to make the general comparison of the friction coefficient. 

Box (Treatise on Heat , p. 116) gives the expression, 


(60Q)*L 
(3-1 df 3 ’ 


( 248 ) 


for the flow of air, gas, or steam. This gives £=-000363 /m, if m=*0764 as 
for free air, £=*00476. Why the number 3*7» is associated witli d is not 
n+.n 
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The next series of references deal with steam flow. 

Cotton [Power, 53/832/1921) gives charts for steam flow of 100 to 300,000 
lb/hr at pressures of 5 to 300 lb/in 2 , using Gebhardt’s £, but whether £ 
holds for these ranges is doubtful. Evans (Power, 64/947/1926) gives a 
nomographic chart like fig. 2'7, using Fritzsche’s equation ; charts using 
Unwin’s equation are given by Gallo (Power, 69/315/1929) and Davis 
(Power, 54/144/1921). Konig (Elek. u. Masck, 39/539/1921, and B.B.C. 
Mitt., 7, No. 7), using Eq. 201c, but with A instead of 4£, gives £=*005 
and *010, respectively, for wrought- and cast-iron pipes. Conrad (Power, 
67/141/1928) quotes the loss of pressure as 30 lb/in 2 in 4550 ft. of 8-in. 
steam pipe, which with fittings was equivalent to 4839 ft. of straight pipe. 
This gives £=*00503 with 8*65 lb/s flowing at 100° F. superheat, assuming 
a mean density of *321 lb/ft 3 , lb /in 2 . 

Bey (Bull. Assoc. Tech. Mar. et Aero., 31/61/1927) discusses steam flow 
and values of £, using kg-m units ; he gives p l —p 2 =Bmu 2r ljlJ ; therefore 
B is £/(2#)=£/19*62. He quotes Daubisson’s £, =*00725 ; Stockalper’s £, 
= •00425; Ledoux’s £, for r/=47 — 100 mm, =*00540; Auscher's £, for 
d=50-100 mm, p=0*3-10 kg/cm 2 , =0-00400 ; Stodola and Eberle’s £, 
=•00525 ; and Odell’s £, =-00490. Hey himself gives £=0*0071 for 
superheated steam, d= 50 mm. Mayer found that with 20 per cent, wet 
steam, £ was twice what it was with dry steam, but Hey found the opposite 
to be the case. 

Johnston (Eng. Mag., 48/694/1915) discusses the design of steam-pipe 
installations, having regard to the loss of pressure in the pipes, to the loss 
of heat by radiation, the capital cost of the present systems and future 
extensions. He uses Babcox and Wilcox’s formula for steam flow, 

7> 1 -?2= -000131 (1 + . . . (2-49) 

and draws up charts for the loss of pressure in pipes on that basis : 

£ = -0027(1 + -3/D). 

Verner (Amer. Soc. Heat, and Vent. Engr., 20/151/1914) deals with the 
question of steam heating systems and gives an equation, 

•00987L(3600M) 2 /T? . x v ^ % 

Pi~Pi= (10,1)5,,,- (Eng. units) . . (2 ‘49a) 

giving £=*0074. 

Thies (Power, 46/824/1917) gives charts for steam flow in pipes 2J in. to 
16 in. diameter at pressures 50 to 250 lb/in 2 gauge. He gives no hint as 
to how they are drawn up, and it is not clear to which of the lines the numbers 
against the scales refer. 

Haynes (Heating Systems, p. 269) gives a formula for the quantity of 
heat which can be transmitted by steam in various sizes of pipes ; it includes 
the latent heat of steam. By dividing by this term we get, 

3600M=c 2 [16(p 1 ~p 2 )d 6 m/L]l, £=4660/c 2 2 . . (2 50) 

Baynes’ £ is given in fig. 2*1 ; as these values include the resistance of 
bends aqd fittings, they are greater than most of the values for straight 
pipes. ~ i 
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Eberle (Z.V.D.I., 52/664/1908) gives the formula for steam flow, 


P x — P 2 =10-5»iM i! L/10 9 D .... (2-51) 

The value of the constant which he gives as 10-5 varied between 10-0 and 
11-0; 10-5 gives £=-00515. In Eng. Dig., 5/164/1909, the formula is 
quoted in English units incorrectly as, 


222-2 mi/ 2 L „ -00515 
Pi Pi 108 - d«" > C- D 


. (2'51a) 


The term D 2 is incorrect, and should be D ; the formula holds for steam 
flow in pipes 50 mm (2 in.) to 300 mm (6 in.) in diameter, with velocities 
7 to 74 m/sec (23 to 243 ft/sec), when the steam is saturated or superheated 
up to 100° C. superheat. 

Goipcl’s formula (Elec. Engr. Form., p. 513) for steam flow, which is 
also used by Booth (Steam Pipes , p. 16), is, 

3600M=3000[(p x — p 2 )d 5 m/L]i, giving £—0083 . (2*52) 


The next batch of formula refer to compressed-air flow. 

Lahoussay (Rev. Indust. Min., 6/513/1927), dealing with the amount 
of compressed air used per ton of coal mined, gives a log chart for losses 
of pressures in pipes, using Fritzsche’s £. He shows that with d=100 mm, 
air at 6 kg/cm 2 , 3-52 to 24-7 m/s, Lorenz’s, Ledoux’s, and Fritsche’s 
formulae give much the same results. 

Unwin ( Hydraulics , p. 225 ; and Trans. Gas Engr., — /184/1904) gives 

£ = -0044[1 + 1 /(7D)] .... (2*53) 

as a result of tests made on gas mains. From Riedler’s tests made on air 
mains in Paris Ilf in. in diameter and up to 10 miles in length, he had 
previously deduced the expression, 

£=•0027(1 +-3/D) .... (2*54) 

This is given in Proc. Inst. C.E., 63/348/1880, and on p. 230 of Unwin’s 
Hydraulics. Riedler’s tests on the gas mains of Paris are reported fully in 
Development and Transmission of Power, p. 218. Eq. 2*54 is the formula 
called Unwin’s by various authorities, and is very commonly used. Low 
(Pocket-book, p. 698) uses it with Martin’s value of the constant — i.e. *00295 
— in quoting compressed-air formulae. Batcheller says that £=*00435 for 
the 6J-in. air mains of New York. 

Hiscox (Compressed Air, p. 216) mentions tests made in the Mont Cenis 
Tunnel which gave as a result A = *0078w 2 L/D ; but the units are not stated, 
and the value of £ has not been deduced. He gives tables for use with air 
at 80 lb/in 2 pressure based on Cox’s formula, 

Cu. ft. delivered at p 2 = 4(Pi”P2)D 5 /( m ik)]* • • (2*55) 


Kempe (Engr. Year Book, p. 782) gives the ratio of initial to final pressure, 
from which one can deduce, 


p 2_ p 2_ ^i 2 L P x 2 

ri rg ~D(74*3)(10)«’ 


giving £=*0030 . 


(2-56) 
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Rix (Eng. Dig., 3/305/1908), in a paper dealing with compressing 
machinery and calculations for air at 100 lb/in 2 pressure, determines the 
loss of pressure from the Johnson formula, 

Px 2 —p 2 = -0006(60M/w? o ) 2 L/d 5 , giving £=-00555 . (2*57) 

Kent (Eng. Dig., 7/220/1910) says the constant should be -0005, which 
makes £ == -0046. For gas, Rix gives the same formula, but with the constant 
•0005p, giving £=-0046. 

Laschinger (Eng. Dig., 3/489/1908) deals with the work of air com- 
pressors and tools in the Rand mines, and gives, 


M= 


16 Z CT L 


*=(•0881) 


(Pi 2 -7VW 

TL C J 


(2'58) 


The coefficient Z contains the hydraulic mean depth factor and =4£; 
he gives £= -00125 4- -0021 7/D*, values of which are given in fig. 2*1. For 
air work on the Rand, where the temperature is about 80° F., he gives 
constants for use with the formula, 


Lb/min = (60M) = const. [(p 1 —p 2 ){(Pi+Pz)]* • • (2*59) 


where Pi—p 2 is the loss of pressure per 1000 ft. 

It is stated in Ind. Eng. and Eng. Dig., 7/220/1910, that Church, in 
Mechanics of Engineering, develops a formula for the flow in pneumatic 
tubes, on the assumption of uniform decrease of density and isothermal 
expansion, as, 

Pi 2 -P 2 2 = 


(3 2)4£M 2 LP 1 

2.777- 2 D 5 w 1 


(2*60) 


This is Eq. 2*04 : Church says £ = -0040 to -0050. 

Johnson (Amer. Mach., 22/686/1899) endeavours to find an equation 
to allow for the variation of density in air flowing down long pipes. He 
says it is reasonable to assume that the friction varies with the square of 
the quantity, and depends on some function of the diameter, and thus puts, 

dp = const. Q 2 m w dL/d 5 . . . (2*61) 


n is to be found by experiment. In reading the article, one might think 
Johnson has found a new formula, but he takes n= 1, and then gets the 
standard form, 

Pi~P2 = , 0006(60Mv 0 ) 2 L/d 5 . . . (2*61a) 

giving £=-0055. 

Ledoux (Annales des Mines , 2/595/1892) gives the formula, 

P^P^l— 0001012^S), giving £=-0045 . (2 62) 


Richards (Compressed Air, p. 112) gives a formula for the flow of air at 
75 lb/in 2 , and states that the formula is only approximate ; yet in his 
tables Pi—p 2 is given to 1 in 10,000, e.g. 20-412 lb/in 2 and so on. His 
formula is, 

P 2 p 2 M 2 L 2 

1 2 ~wD 5 4800c * 


Values of c are given in a t^ble ; he uses Unwin’s £. 


. ( 2 - 63 ) 



COEFFICIENT OF FRICTION IN PIPES. 


41 


Harris (Compressed Air, p. 33; and Eng. Record , 62/653/1910) deduces 
his own formula, assuming that the force necessary to move air at atmo- 
spheric pressure over each sq. ft. of surface at the rate of 1 ft/sec is k lb. 
k he finds by experiment. The friction on the surface of a pipe per sq. ft. 
is ku 2 x , where x=p/p 0 , making the total pipe friction 7 tDJj(Jcu 2 x), and the 
work done on friction 7 tDL ku 3 x : this must equal the work done by the 
air, which is, • 

(P 2 — P 2 )Sw = (P t — P 2 )7 tD 2 w/4 — 7rT>Lku z x . . (2*64) 

(Pi-Pa) = 4L&w 2 x/D (2*64a) 

&=m 0 £/(2 (2’64&) 

where /is Taylor’s coefficient ; see Eq. 2‘30a. We also have, 

P x — P 2 = cM 2 Lm 0 /(D 5 m) . . . (2‘64c) 

Values of the coefficient c are given by Harris : c = *0866 — *0401) ; £ = *0755c 
= •00655 — 00302D ; this seems to give rather a low value to £. Harris’ 
tests covered the ranges d from J in. to 12 in., and u from 5 to 100 ft/sec. 

Cox (Compressed Air , 2/358/1898 and 3/1/1898) deals with compressed- 
air flow and uses the ordinary hydraulic formula with Unwin’s or Darcy’s 
coefficient of friction ; he finds the drop of pressure on the assumption that 
the drop is negligible as compared with the absolute pressure, and that 
the density of the air is constant. Hiscox in his book follows Cox precisely. 

Brown (Amer. Mach., 39/55/1913) gives a chart for finding quantities, 
loss of pressure, diameter of pipes for compressed-air flow in pipe fines. 
The ordinary formulae of Unwin and Church, including Unwin’s value of £, 
are used. The method of plotting the chart on logarithmic paper is 
explained in Eq. 2*90, etc. 

The Western Electric Company, in describing their pneumatic ticket 
distributor — which is a tube system in which paper tickets are transmitted 
along tubes by means of an air current, — state that the pressure required 
to get a ticket speed of 35 ft/sec (10*7 m/sec) in rectangular tubes 2*75 in. 
by 0-375 in. (70 mm by 9*5 mm) is, 

Hg" (inches of mercury) ==0*01L+ 0*10 . . (2*65) 

The velocity of the air is not stated, but it will be slightly greater than 
35 ft/sec, on account of the slip past the tickets. 0*10" is the pressure 
required to create the velocity, but it corresponds to a velocity of only 
30 ft/sec. The other portion of the equation is for the friction and can be 
compared with Eq. 2*09, and gives £ =0-0600, if the velocity is taken as 
40 ft/sec (12-2 m/sec). /x=0-165 for this tube ; a pipe 0-66 in. diameter gives 
the same value of /x, and gives a coefficient of friction 0*0175 by Unwin s 
formula. The Western Electric Company quotes Eq. 2 09c for velocity, 
and Thorkelson’s Eq. 2‘31c for the loss of pressure in exhaust pipes. 

The author’s own experiments on brass pneumatic tube 2| in. in diameter 
gave, 

A= 10 ' 7 ioo(ibo) ’ * * -^( 265 ®) 

L varied from 200 to 400 ft. (60 to 120 metres), and included a large 

i. 
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proportion of bends. If we assume that the effect of the bent tube was to 
increase the loss of pressure by 7 per cent., the equation for straight tube 
becomes, 


/t= ro(m) ’ giving £=' 00575 • • • ( 2 ’ 6B ^ 


D. Formulae with fractional indices. 

Now we come to the formulse in which the factors are given with frac- 
tional indices ; this arises because the value of the coefficient of friction £ 
depends not only upon D but also on m and u. In the previous formulse £ 
is a coefficient which is different for each diameter of pipe ; in these formulae 
a constant is used which is independent of all the quantities. 

Innes (The Fan , p. 92) quotes a formula for air flow which seems to be 
based on Pelzer’s (Eq. 2'70a), though the values of the indices are slightly 
altered ; the formula is, 

dP= (const. ) w 2 m 2/3/Di*375 . . . (2*66) 

Innes does not give the value of the constant. 

Saunders (Compressed Air , p. 282) quotes Petit's formula for the loss 
of pressure in pipes of greater diameter than 13 in., but the units are not 
stated ; if they are metric units, we get, 

•000765Lm?«r 1,yl6 r _ 00386 2 . 07 

h ~ j)i -506 ■’ * J)-506^-o84 • • v / 


Church ( Mechanics , p. 788) quotes Weisbach’s value of the coefficient of 
friction as £=*0060 for a 1-in. pipe ; but also says that for high velocities, 
when u exceeds 80 ft/sec, 

u=*0542/(w)i .... (2’67a) 

Lorenz (Z.V.D.I., 36/628/1892) deduces a formula for air flow from the 
results of Stockalper’s, Riedler’s, and Gutermuth’s tests, and confirms it by 
experiments of his own carried out at Offenbach, as mentioned on p. 835 of 
the same volume. The equation is, 


^P. =8^— . . . ( 2 ' 68 ) 

mean pressure r T 

L is in kilometres ; j8 includes three factors, 1/D, £, and a constant. Accord- 
ing to Lorenz, when L is in metres, 

jS= • 52/d 1 * 309 =- 00029 2/D 1 * 309 . . (2’68a) 

The formula converted to English units gives, 


2 but .? = Cm = ^ 

P x +P 2 T35400’ T 2T 


P x -P 2 = /3CmT 0 Lw 2 / (35400) . 

. (2'686) 

/?CT 0 2£ -000292 27700 

35400 gD D 1309 35400 


£= 12-6D)9= -00368/D' 309 

(2’68c) 
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Saph and Schroder (Trans. Amer. Soc. C.E., 51/252/1903) describe 
experiments on the flow of water in small pipes at low velocities from 
| to 12 ft/sec (0-15 to 3-6 m/sec). They made tests to ascertain if the 
equation of flow could be put in the form, H = (const. )u n , where n was not 
2*0. The experiments were made with very smooth brass tube and ordinary 
galvanised iron pipes. The authors plotted the results of previous ex- 
periments on log paper, and were thus able to determine the limfts of the 
variations in the variable values given to n. 

1$ the case of brass tube the authors found n= 1-75 ; for galvanised 
iron pipes n varied between 1-82 and 1*95 ; and for rubber hose pipe n 
varied from 1-78 to 1*91. They then drew up the following equations from 
all previous tests : — 

For water flow in smooth pipes under ideal conditions, 

H— *000296 w 1,75 (-93 — 1-07 )/D 1#25 . . . (2‘69) 

For water flow in very rough pipes, 

H = -000687w 1 ' 82 “ 1 ' 99 /D 1 ' 25 . . . (2'69a) 

For water flow in ordinary moderately smooth pipes, 

H = (-000296 to •000469 )w 1 ‘ 74 “ 2 '°/D 1 ' 25 . . (2‘69fc) 

The refinement in values, 296, 1*99, 469, seems unnecessary, considering 
the range of variation existing. Variations in the temperature of the water 
affected the resistance slightly. 

Archer (Trans. Amer. Soc. C.E., 76/1016/1913) mentions Hazen’s 
formula, 

vi\u 

(Ft. of water) 54 =j7 3 2( 1 35_f45)^-63 


which gives 
giving 


Pj — 1*2 «i-«(5-03)L 

“ (25400-33400) D 1-165 

, -0032-00243 

£ W -I5£)165 


(2'69c) 


Carothers (Prnc. Roy. Soc., 87a/154/1912) describes tests on the flow of 
oil in pipes from 2 in. to 10 in. in diameter ; he found that the flow could 
be expressed approximately by the equation, 


H = (const.) 1 ’ 5^=(c°nst.)(^ 5 ) 




. (2‘69d) 


Unfortunately, he does not state what his symbols mean ; he refers to 
Prof. Orr’s paper on this subject in Proc. Roy. Irish Acad., 27/ — / 1907 . 

Brabbee (Zeit. Oster. Ingr. n. Arch. Ver., 57/453/1905) describes tests 
carried out on air flow in pipes 300 mm (1 ft.) to 800 mm (2J ft.) in diameter 
and 300 to 600 metres long. He found that the ratio of the maximum 
velocity at the centre to the mean velocity was constant and independent 
of the velocity and size of pipe. Velocities were measured by me^ns of a 
special anemometer. The coefficient of friction Vas constant for 500, 700, 
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800-mm pipes, the value being 0*0175=4£, when the velocities varied from 
4 m (13 ft.) to 17 m (55 ft.) per second. For a 300- mm pipe the value was 
0-035 (£=-0087) ; for the larger pipes, when the air was saturated with oil, 
the value was reduced to 0-0132 ; these suit the expression for the loss of 
pressure, 

h (mm water) = Z?nLw 2 /(2yD) . . . (2*70) 

We get £=-0033 and -0044 respectively for the above pipes. 

Brabbee mentions Pelzer’s formula, and says it is quite good, viz. 


h = -0007 48m 2 / 3 u 2 L/D 1,373 . 

Putting this into the form comparable with previous ones, 

L w ^ 748(19-62)wi>/ 2 L 

^lOWW* 3 '^,!) * 


Then 


, -187(19-62) 

^lOW^D* 373 * 


(2’70a) 

(210b) 

(2*70 c) 


In order to find £ we must choose some value of the density ; this we 
do for air, m 0 = 1-200, and for gas with p = - 50, and then we get for Pelzer’s 
value of £, 

£=-00345/(D)’ 373 (metric), for air, m 0 l ^=-= 1 '08 . . (2'70d) 

= -00538/(I))* 373 (English) 

= -00435/D* 373 , for gas, m a 1 / 3 = 0-854 . . . (2'70e) 

= -00680/D’ 373 (English). 

Brabbee (Z.F.D.Z., 60/509/1916) deduces from the results of previous 
experiments on air flow a formula for the loss of pressure in cast-iron and 
relatively rough pipes, when transmitting air at atmospheric pressure, the 
density being 1-20 kg/m 3 , 

h (in mm water) = 6-61w 1,924 L/d 1,281 . . (2*70/) 


The previous experiments on smooth brass and copper tubes were not 
taken into account in making up this equation. It can be compared with 
Fritzsche’s Eq. 2-73, 


^=• 0864 ( 1 )" 


’832„l*8:2dL 


d 


p is in atmospheres, so that this, choosing T=291, becomes, 

h=864(l/291)* 8 ' 52 (w 1 * 8 ‘ j2 /d 1 ’ 239 )L . 

The constant becomes 6-85, which compares favourably with 
constant 6-61. 


Brabbee’s £=-,- 


•027 


•00386 

<2*281^-119 J)-281 W 119 


(metric) 


- (2*700) 

Brabbee’s 

. (2*70/0 


-00234 

~D* 281 m* 119 


(English). 


Fritjsche (Z.F.Z)./., 52/81/1908) mentions previous tests on air flaw and 
describes his tests made o& air flow in two pieces of gas tube 64 ft. long, 
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approximately 1 in. and 1 \ in. in diameter. The object of his tests was to 
find the effect of temperature, density, and velocity upon the loss of pressure. 
He made no attempt to find the effect of the diameter or the type of surface 
of the tube. These tests covered the ranges, 

u— 2*5 to 58 m/sec. (8*2 to 190 ft/sec), T = 14° to 115° C. 
p = -20 to 11*1 atmospheres (2*9 to 164 lb/in 2 ). * 

As regards the velocity effect, Fritzs che found that, 

dP=const. u n (2*71) 

The variations in n were : — 


T. 

d. 

p (atm.). 

u, metres. 

n. 


in. 




21 °0. 

n 

5 

13*8- 24*0 

1*856 



1 

26*0-110*0 

1*852 

16° C. 

i 

z>h 

8*2- 20*4 

1*851 



1 

17*4-107*0 

1*849 


An attempt was made to see if raising the temperature to 92° C. had 
any effect; n became 1*864, but the variation was not conclusively due to 
the variation in temperature. In general, one may take n~ 1*852, the 
value being independent of T, p, u. The influence of pressure is shown in 
fig. 6 of the original article, which gives, 

dP = const. ( p ) n ' .... (271a) 

the mean value of n' being O’ 852. Fritzsehe then discusses the influence of 
temperature, and states that it will alter the viscosity and density of the 
gas ; if the alteration in viscosity has no effect on friction, the temperature 
change will only act through the density ; and we can replace the pressure 
function by the density factor in the previous equation and get, 

dP=(^,) constant , . . (2716) 

— dP= (const. )m n (u) n dL . . . (271c) 

u/v==um~ M/S=A 

n' =0*852, w' + l = l*852=rc. 

dW = — v dP = (const. )m n '“ 1 « n dL 

= (const,) A n '” 1 u n “ n ' +1 dL 
= (const.) A n '“ 1 ^ 2 dL 

= (const. )(wiw)”‘ 148 w 2 dL . . (272) 

Previous experiments showed that the constant was of the form A/(D) tf , 
where q is given as 

1*269 by Fritzsehe. 1*373 by Devillez. 

1*33 „ Pecqueur. 1*309 „ Lorenz. 

1-36 „ Grashof. 1*277 „ Reynolds for water. 


But 

and 
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Fritzsche determines from previous tests that A =0*08642 ; but the value 
in different tests varied widely. 

In these formula p stands for atmospheres or kg per sq. cm. 



ip-mPiXF*** dL . . . . 

y d 1 '™ VT / 

(2‘73) 


dp -0864/ T y 14 V- dL 
p~d-™\pu) ST 

(2‘73a) 


P t - f-0864/ T Y 148 7w 2 L m*L 

Mean P — L d ' 2,i9 \pu) JdT rfT 

(2-736) 

Loss of pressure _ « ««L D in metres . . . 

Mean pressure 1000 DT 

(2‘73c) 


p p <J>c mu 2 L g mu 2 L 

Pi-P»-iooo-n-“P D~ • • • • 

(2-73S) 


l£o-' I43M, • • • • 

(2-73e) 

Fritzsche also 

gives for superheated steam, where C=47*0, 



dp=$>'mu?L/d, where 4>' = *00315^ 

(273/) 


Fritzsche on his p. 90 gives a table of values of ® for various values of 
•0864T* 148 d’ 269 /(pw)* 148 and for pipes 10 to 1000 mm in diameter ; he says that 
the values will be correct to within 10 per cent., the uncertainty arising be- 
cause of the difficulty in determining the constant A. From Fritzsche’s table 
for <l> the author has found £ as shown in fig. 23. The curves are for values 
of T/(pu), p (metric) being in atmospheres, (English) being in lb/in 2 ; with 
T, p, u in English units, multiply the value by 26 to bring it to metric units, 
and then use the curves in fig. 2*3, which include the metric value. The 
following table gives those values for certain common velocities and pressures 
existing in certain types of work : — 


Value of T j(pu) in Metric Units. 


u, ft/sec — 

20 

40 

60 

80 

100 


When p — \ . 

92 

46 

31 

23 

18*4 

(vacuum) 

, , p = 1 , 

46 

23 

15*5 

11*5 

9*2 

(ventilation) 

» P = G . 

77 

3*8 

2*55 

1*9 

1*53 

(comp, air) 


Keeping note of this, and looking at fig. 2’ 3, we see that for ventilation 
work, where p—l, and u varies from 20 to 100 ft/sec, £ varies from *0050 
to *0064 for a 3|-in. pipe, and from *0028 to -0036 for a 30-in. pipe. For 
compressed air at 6 atmospheres, for a 6-in. pipe, and for these velocities, 
£ varies from -0035 to *0045. For any particular pipe the coefficient £ 
varies vtfry appreciably witj* the various values of T/(pu ) ; for 2£-in. pneu- 
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matic tubes, with pressures varying from J to 2 atmospheres, £ varies from 
•0055 to -0072, which corresponds fairly well to facts. 

Hiitte (Ingr. Tasch., p. 365) quotes Fritzsche’s work and gives, 

P x — P 2 =jSmu 2 L/i (metric) . . . (2'74) 

If we have j8' with English units, ]8' = - 000305/3 = 4 /, where f is Taylor’s 
coefficient (see Eq. 2 30a). Hiitte gives a table of values of /}, fAm which 
I have calculated /?' and £, but the table is drawn up with reference to 
quantities flowing, not on the basis of the diameter of pipe, and on the 
assumption that the diameter is 4 in. or 100 mm ; this is a satisfactory 
basis, as shown in Chapter V. ; but values of £ deduced from ]8 cannot be 
compared with the values based on diameter. Values of £ are plotted to a 
quantity base in fig. 2*2. 

Masse (Jour. Gas Lighting , 126/1042/1914) describes the slide-rule 
devised by Aubery to determine factors in problems of gas transmission. 
The slide-rule is based on the formula, 


l*625Q l “ 85 L 

^ 4-92 


(2*75) 


The units in this the author cannot recognise ; those used on the rule are 
cu. metres per hour, d in mm, h in mm of water per metre of pipe. The 
slide-rule is based on the equation, 


log (h / LJ + 4-92 log d=log 1-6254-1*85 log Q 

In English units, if Q is in cu. metres per second, we get 

Pi—Pa = -0000458 ww^L/D 1 * 22 . 

. . ' , -000739 

giving 4=g722^ Is • 


(2’75a) 

(2*755) 

(2*75c) 


Something is wrong in this formula. 

Kneeland (Trans. Amer. Soc. Mech. Engr., 33/1151/1911) gives figures 
for the loss of pressure in a 24-in. pipe where the air was flowing at very 
high velocities to convey coal. These results, when plotted, give, 

16(pi-j9 2 ) = (60w/2500) 2 * 25 =-5785. . . (2*75d) 

Then £= -000745m* 26 , u being from 60 to 140 ft/sec ; the loss of pressure 
is less than that given by the Sturtevant formula which was used by 
Kneeland at first. 

Grindley and Gibson ( Proc . Roy. Soc., 80a/1 14/1908) tested the flow of 
air at atmospheric pressure in J-in. lead pipe which was wound 29 times 
round a drum 1*18 ft. in diameter, giving a test length of 108 ft. The 
experiments were made to determine air viscosity and the critical velocity. 
They found 

dP=const. m 1 * 26 .... (2‘76) 

independent of the density of the air, but the pressure was approximately 
atmospheric ; the small alteration in density would not affect the resistance. 
For use with the m 2 law putting u ~' 75 in £ gives, • 
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•0837 

cm/sec. 

3*12 

p in inches 
of mercury. 

29-92 

Unwin’s value 

0529 

4-07 

37-55 

of £ would be 

0467 

6-09 

30-58 

•0805 for a 

0272 

10-90 

35-43 

•125-in. pipe. 

0194 

19-40 

32-61 



The same authors ( Engineering , 94/703/1912 ; and Phil. Mag., 

17/389/1909) give, 

dp = -000001 25 ( £"^£ B - . . . . (2‘76a) 

and give the value of n for various diameters as, 

*i = l-83, 1-81, 1-79, 1-78, 1-77 

3-*i = ? = M7, 1-19, 1-21, 1-22, 1-23 

d= 3, 5, 7, 9, 12 inches. 

Meier (Heat, and Vent., p. 100) quotes Stockalper’s formula, Eq. 2*24, 
but deduces Eq. 2*77 after he had plotted the results of other experimenters : 

p _5*13Zm?v 19 L (2*771 

r 2— ~2#D 1,18 * * * • yr") 

where Z=*00624, 5-13=4 118 , so that 


•0080 

^“D 18 a 10 ' 


(2*77a) 


For pipes of any shape he gives, 

Pi- 


Z 'nm^L 
"2 


. (2*776) 


where Z / = -032/(4) 1 * 18 = -00624. 

Meier says Weisbach gives $ = -217 /u‘ 50 for very small tubes when the 
velocity is high. 

Baufre (Amer. Soc. M.E. Jour., 41/949/1919) describes tests upon water 
flow in brass condenser tubes of diameter 0*556 in., which gave 


^-^O-OW+O-OOSIL^ at 100° F., 

where the first term is concerned with entrance and exit losses, and the 
second term is for friction ; then £=0*00878 fu 17 for d=*556 in. 

Preston (Chem. and Met. Eng., 23/607/1920) gives tables of A/100L for 
the flow of liquids of various Saybolt viscosities in smooth brass pipes from 
1 in. to 6 in. diameter. He quotes for Texas water at 68° F. in clean pipes 
3 in. diameter, ^/L=*00685w 1,77 /rf 1,275 ; therefore £=-000388/w 23 D* 275 . With 
wrought-iron pipes, Preston states that 12 per cent, for 1-in. pipes and 3 per 
cent, for 6-in. pipes should be added to the results calculated by the formula. 

Calame (Bull. Tech. Suisse Romande, 52/74/1926) quotes various formulae 
employing metric units. 

Lang’s formula for D>*05 metre, u> m 7Q m/s at 10° C. is : 


for new pipes, £=*003+*0005/(UD)* 6 ; 
for old pipes, £ =*005+*0005/(UD)‘ 5 . 
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In English units *0005 becomes *000152 ; the first term depends upon age 
and roughness. Flamant’s formula with £=*00451D‘ 26 /w‘ 25 for lightly 
incrusted pipes gives P x — P 2 too small, whereas Levy’s formula with 
£= *002346/(1 + 2-12D*) gives P x — P 2 too large. Levy’s term with D in 
English units is (1 + 1-17D*). Biel’s value, £= *00235 +*0020/D*, when 
u = 3 m/s., for large hydraulic conduits, is too small. Kutter’s formula 
for Chezy’s c is 


then, 


c=100J*/(a+J*); 


2ff^ 2ff(a+J*) 2 
6 c 2 10000J 


= *00785(0*5+a/D*) 2 , 


where a=*15 for new conduits and *35 for old conduits. Calame quotes 
Forschheimer from U.S. Dept. Agric. Bull., 852/1920, as giving u~ BJ‘ 7 (H/L) tf 
for concrete pipes 203-5486 mm diameter ; q varied from *41 to *55. The 
values of B are : 

100 for new conduits perfectly laid, 

88 for carefully laid conduits, 

85 for block conduits, 

76 for old conduits. 

For B— 100, <2—0*41, £==*00226/(U' 44 D* 71 ), assuming J-D/4. When 
B— 88 or 76 the constant becomes *00304 or *0044, respectively. 

The index of u, *44, = — 2+1*0/^. 

The index of D, *71, = — 1+0*7/</. 

Strickler says ^=BJ* 66 (H/L)*, thus £=(102*0/B 2 )/D’ 33 . 

Calame on his page 79 gives values of the constant B for 11 different 
types of conduit, such as rock, concrete, etc. 

Fromm (Zeit. ang. Math., 3/339/1923) tested water flow in rectangular 
pipes 2 m. long, 20 cm. wide, and of depths varying from 0*75 to 2*5 cm., 
the surface being varied from smooth to covered with wire mesh and various 
types of embossed plates. Where Blasius had given £=0*05594/X 0,25 , 
Fromm found £=0*0705/X°‘ 27 , or h/L= (const.) u 1 ' 75 /!) 1 ' 27 . Full curves of 
results are given showing £ plotted against X for all the cases. 

Cornish (Roy. Soc. Proc., 120/691/1928) investigated flow in rectangular 
pipes 1*178 cm. by 0*404 cm. and 120 cm. long, obtaining the same type 
of curve as Stanton’s connecting £/(2<?) with J ujv. For stream line flow 
theory would give £/(2^)=2*12v/(wJ), but actually the constant was 
2*10. Cornish found the critical value was the same as for pipes of circular 
section. 

Atherton (Amer. Soc . M.E. Trans., 48/145/1926), testing the flow of 
air, water and oil in annular pipes, where the outer pipe was 2*3125 in. 
diameter and the inner pipe was either 1*85 in., 1*049 in., or *840 in. diameter, 
found that for stream line or viscous flow £=16/X in the plain pipe and 
21-8/X in the annular pipe ; this gives £ for viscous flow in annular pipes 
as 1*36 of £ for viscous flow in plain pipes. For turbulent flow Atherton 
found that £ in annular pipes=l*26 £ in plain pipes. 

Bond (Phys. Soc. Proc., 40/1/1927) gives the equations for flow-through 
conical tubes of small angle, and Davis (Phil, Mag., 4/208/1927, and 
5/673/1928) discusses flow in coils of piping. 
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E. Viscosity and critical velocities. 

This division deals with (i.) the critical velocity in pipes, (ii.) viscosity, 
and (iii.) the velocity distribution in pipes; further information on this last 
point will be found in Chap. IX. All these qualities are related, and deserve 
study as they help us to know the value of the coefficient of friction f. It 
will be shqwn that the ordinary equation, 

dP= const. u n 

is only an approximation, which nevertheless is accurate enough for com- 
mercial work. 

It is difficult to express the thoughts in this division in a consecutive 
manner, as the various ideas are so intermingled with each other, but the 
scheme follows these lines : — We consider (a) critical velocity and its deter- 
mination, (b) viscosity and its determination, (c) the way in which friction 
in turbulent flow depends upon the (uD/v) factor. 

The critical velocity , u k , is such that with velocities less than u k the 
friction varies approximately as the (velocity) 1 ' 0 , whereas with velocities 
greater than u k the friction varies approximately as (velocity) 2 ' 0 . 

Viscosity of a fluid is the force exerted between adjacent layers of the 
fluid moving at different velocities. Suppose we have an infinite layer of 
fluid, at a distance r from an infinite datum plane, and moving at velocity 
u parallel to the datum plane, and another parallel infinite layer at a distance 
r-\-dr from the datum plane and moving at a velocity u+du , then viscosity 
— r ] — is defined by the equation, 

rj(du/dr)= force per unit area . . . (2*78) 

7] is usually given in dynes-sec. per sq. cm. 

The kinematical viscosity is denoted in this book by v, and is the value 
of 7 7 /m; m is the density in gm/cm 3 . Stanton uses the term “ mechanical 
viscosity ” — yf — to represent the equivalent of viscosity in the case of 
fluids moving with turbulent or non-stream-line flow. 

(a) Critical velocity. — The critical velocity in a pipe, which we call u k , 
is such that for velocities below the critical value, the flow is stream-line 
or viscous, and the friction varies as the velocity and is a measure of the 
viscosity ; at velocities greater than the critical velocity the flow is not 
stream-line and the friction varies as u n , where in very rough pipes the value 
of n reaches 2. In between the point where the velocity is u k and the 
point where the flow is certainly turbulent, there is a range of velocities 
where the type of flow is somewhat indeterminate. Reynolds’ number for 
the function uD/v, or uDm/r], which we call X, has a particular value 
Xq when the critical velocity is reached. The value of Xq for various 
conditions does not appear to be an absolute constant. Reynolds found 
it to be 2500 for water flowing in small pipes. Wildhagen found it to vary 
between 1316 and 2500. King (Phil. Mag., 31/338/1916) shows values 2080 
to 2500. Dowling (Proc. Roy. Soc. Dublin, 13/375/1913) found X 0 =3030 
for air in 1-90 cm copper tube, and 2720 in 2*03 cm glass tubes. Blasius 
(Forsch., 131/11/1913) gives the value 2000. Stanton’s curve in fig. 24 
shows Xl=2000. Kohlrausch (Ann. der Phys., 44/319/1914) found X 0 =2080 
for air flowing at 0 to 200 cm/s in *76 to 3*58 cm tubes, 240 cm long. 
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The following table gives values of u k for air at 0°, 20°, and 100° C. 
in small tubes, when v=*141, *16, and *231, if X=3000, which seems to 
be about the value at which flow certainly becomes turbulent. If X=2000, 
u k will be §rd of these values. 


Critical Velocity of Air in Tubes. 


For d 

s= 

10 

1-5 

20 

30 

10*0 cm. 

u k in cm/s 

= 

423 

282 

212 

141 

42-3 at crc. 


— 

480 

320 

240 

160 

48-o „ 2o° a 


= 

693 

462 

347 

231 

69-3 „ 100° C. 

For d 

— 

•4 

•59 

•79 

118 

3-95 inches. 

Uj h in ft/s 

=r 

13*9 

9-3 

7-0 

4-65 

1-39 at 0° C. 

— 

15*7 

10*5 

7-9 

5-25 

1-57 „ 20° C. 


— 

22-8 

15-2 

11-4 

7-6 

2-28 „ 100° C. 


Taylor (Roy. Soc. Proc. } 124/243/1929) showed that in curved pipes the 
critical velocity must be greater than in straight pipes ; in a helix of coiled 
pipe with the diameter of the helix 18 times the diameter of the pipe, he 
found X 0 =5830, which was 2-8 of X 0 for the straight pipe. 

Wildhagen (Zeit. any. Math. u. Mech ., 3/ 1 81/1923) tested air flow in 
seven capillary tubes at high pressure, and found that Blasius’ law, 
£=0*3164/X°‘ 25 , held for high pressures as long as the diameter was less 
than 0-05 cm., and showed the economy of using high pressure for gas and 
air delivery through pipe lines. 

Ombeck had given £— O242/X 0 ‘ 224 . Values of rj varied from 1*7 xl0~ 7 
at 1 atmosphere to 2*lxl0~ 7 at 100 atmospheres, and 3*1 xlO -7 at 200 
atmospheres. The critical values of Reynolds’ constants are given in the 
following table : — 


Diameter. 

mm. 

Length. 

mm. 

u. 

m/s. 

Values of X. 

7? =568 
p — 40 

1740 

120 

2370 lb/in 2 . 
160 kg/cm 2 . 

0-286 

1369 

4-2 

2300 

2250 

1736 

0-286 

1269 

2-6 

1703 

1570 

1316 

0-432 

142-7 

5-3 

2190 


. . 

0-4458 

1520 

2-6 

. . 

2010 

. . 

0-4759 

155-0 

1-7 



1973 

0-5665 

148-0 

2-6 

2500 

2420 


0-622 

154-0 

2-3 

2000 

2000 

1880 


u represents approximately the maximum of the mean velocities. 
p is the pressure at the outlet, which was kept constant during the series 
of tests at 40, 80, 120, 160, or 200 kg /cm 2 . 


Now consider some of the methods used to determine the critical velocity. 
Prof. Osborne Reynolds introduced bands of colouring-matter into the 
fluid, and noticed at what velocity the single stream of colour broke and 
mingled with the whole of the fluid. This showed when the stream-line 
flow became turbulent. As long as the velocity is less than the critical, 
the quantity of fluid delivered through a pipe is proportional to the differ- 
ence of pressure at the ends of the pipe : the viscosity can be*evaluated 
if the quantity and the pressures are noted. The equation is, 
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’“tS <P Qt Pl) ' ' • ' <2 ,8 *> 

when the fluid is delivered through a pipe under pressure at velocities below 
u k \ 7} is in gm-sec/cm 2 or dyne-sec/cm 2 units, depending in which units 
P,— P 2 is measured. 

Barnes and Coker (Phys. Rev., 12/372/1901) determined the point at 
which stream-line flow gave way to eddying flow by noting temperature 
effects on a thermometer. If stream-line flow exists, and the walls of the 
pipe in which the flow occurs are heated, only a very small layer by the walls 
is affected, and the portion of the fluid in the centre of the pipe is entirely 
unaffected. A thermometer placed at the centre will remain at the same 
temperature whether there is heating at the walls or not. But if the flow 
is eddying the whole mass becomes heated and the thermometer is affected. 
They used a small mercury-bulb thermometer, and easily saw when the type 
of flow changed from stream-line to turbulency. The tubes were of glass, 
and the point of critical velocity was also noted by colouring- matter in the 
fluid, as used by Reynolds. They also {Phys. Rev., 16/377/1903) carried 
out the tests with fluids flowing in metal tubes, to see how the laws as 
regards critical flow were followed in such cases. 

The value of the viscosity can be found by stream-line flow tests. The 
formula for such flow in capillaries, not allowing for any corrections for 
end effects, is : 

ttD *mh 7tD 4 (Pj P 2 ) (9-7RM 

V ~mQL~~ 128QL ’ 


The formulae given by various other investigators seem dissimilar, but 
ultimately they resolve themselves into much the same thing. For con- 
venience they are associated here. Consider Hanocq (Assoc. Ingr. de Gand., 
17/99/1927), who gives : 

16 4« 2 L 16 -g iu 2 L (2 . 78c) 

X 2ffD muD 2//D ' 


But w=-^, so that q=-^? 57 ^t— , as before, except that g appears. Now 
7rJJ IJoi^L 

with correction for end effects, Bond (Phys. Soc. Proc ., 34/139/1922) gives 
7rD 4 m^ 


1= 


128Q(L±fcD) 


-, where &=-573±-009 


(2‘lSd) 


from tests in glass tubes *270 to *2002 cm diameter and 13*66 cm long. 
For correction due to velocity and end effects, Herschel (Bureau of Stand. 
Tech. Paper , 112/1919) gives : 


7rD*rng u 2 " 

^ — 128Q(L+A) r “7. 


(2'78e) 


where A, Couette’s correction, — 4D, and a=*97. 

Schiller {Phys. Zeit., 22/523/1921) gives P x -P 2 = 8 tjwL/R 2 + f mc« 2 , 

• which is, ij=wD 4 (A— Jcm)/128QL .... (2‘78/) 
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He also gives a curve connecting c with values of X. 

The question of units must be mentioned ; viscosity is expressed usually 
in dynes/sec units, which are absolute. If given in gm/sec units, then 
the value of g comes in ; 1 gm/sec is 981 dyne/sec units, so if rj' is the 
viscosity in gm/sec, it will be rj/g, or vice versa, rj—gn’ . 

Herschel (Amer. Soc. C.E. Trans., 84/527/1921), dealing with carburettors 
and viscometers, gives Eq. 2'78c, but says that X=2'ld for sJbort tubes 
and is negligible in long tubes ; also that a— 1*12. For turbulent flow he 
gives £=*0395 X“' 25 /m. 

Jakob ( Z.V.D.I. , 66/178/1922) made tests to determine if the drop of 
pressure in a short pipe would serve for metering large quantities, in order 
to avoid the disabilities of measuring temperature variations in large gas 
meters. He found that for short lengths of smooth pipe 4£-= A— 0-3272X - 263 . 

(b) The usual method of evaluating rj is from Eq. 2*78a ; we are in- 
terested in rj in order to find v and then uD/v. 

Gilchrist (Phys. Rev., 1/124/1913) found that the presence of moisture in 
air had no effect upon the viscosity, which he gives as •0001776^*0001780. 
On his p. 140 he gives a very complete list of papers concerning viscosity. 

Pedersen (Phys. Rev., 25/249/1907) gives a complete bibliography of 
papers concerning viscosity. In his report he quotes r /, for air : 


His own tests 

. -0001932 at 

21-4° 

Centigrade. 


2246 „ 

1000° 

a 

Lindolt . . • 

1784 „ 

15-0° 

it 

Markowski . 

1814 „ 

16-0° 

a 

Kleint 

1808 „ 

14-5° 

a 

Reynolds . 

1870 „ 

20-7° 

it 


(2 78;) 


In no reports of tests could the author find any mention of the viscosity of 
coal gas till 1916 — in the French table of physical constants : rj='000135 at 
11° C. ; with m — -000614 this gives v=0-220. 

Earhart (Jour. Amer. Soc. M.E., 38/888/1916) gives values of the 
viscosity r\, of the specific gravity p, and of the index of adiabatic expansion 
n , for ten samples of natural gas ; some of these are quoted here, along 
with the mean values. 


Air 


of gas 


Mean of the ten values\ 
in the original paper j 


P • 

n . 

r\ X 10*. 

* 

1-000 

1-404 

178 


•585 

1-209 

126 


•660 

. . 

133 

S 

•682 

, , 

137 


■755 

. , 

135 


, -770 

1-293 

147 

•690 

1-244 

135 


Houdaille (Fort, der Physilc, 52/442/1896) gives the viscosity of steam at 
0° C. as *0000975 ; this value is apparently deduced from the value at 
100° C., which latter value is not stated. The Smithsonian Physical Tables , 
p. 136, give values of 77 for water vapour, which are used in Taljle 2’5. 
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The alteration of viscosity due to temperature changes is considerable. 
Meyer (Kin. Theory , p. 219) gives Sutherland’s formula as, 

|-(rfc^)i 1+ “*>* • • • • < 2 ' m > 

For air, C = 113; a is the coefficient of expansion of the gas = *00367; 
0=T — T 0 # Meyer (p. 220) then gives for air, 7]fr ] 0 : 


e. 

vho- 

6. 

y Mo- 



0 

1-000 

0 

i-ooo 

giving 77 = 

•000172 

14 

1*038 

16 

1*045 


•000180 

43 

1*118 

30 

1*080 

>> 

•000186 

67 

1*185 

50 

1*150 

>> 

•000198 

99 

1*270 

100 

1*283 


•000221 


Values of the constant C for other gases are given in Table 1*2 ; and of 
and v for air depending on temperature in fig. 2‘5. 



Temperature (Cent 0 ) 

Fia. 2'5. — Variation of kinematical vieoosity with temperature. 
v =rj/m, in cm/soc 2 . From Blasius (Mitt, iiber Forsch. 

Ver. Deut. Ingr., 131/35/1913). 

Weinstein (Ann. d. Phys ., 50/601, 796/1916); Sci. Abs. 7 Dec. 1916) in- 
vestigates the equations giving the variation of viscosity with temperature ; 
the matter is too advanced for inclusion here. 

(c) Turbulent flow . — Now consider the question of turbulent flow as 
discussed by Stanton, Keynolds, Pannell, Lees, Lander, Lewis. 

Stanton (Proc. Roy. Soc ., 85a/366/1911) discusses the question of the 
apparent viscosity of liquids when the flow is turbulent, in which case 
the formula (Eq. 2* 78a) for finding viscosity when the flow is stream-line 
does not hold. The tests were made with air in order to determine the 
“ mechanical viscosity ” /i', where 

# F —fx' du/dr . 


. (2*79) 
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F is the average stress in dynes/cm 2 on the surface of the circular ring 
whose radius is r, where the velocity is u\ the maximum velocity is U c 
at the centre. 

Tests were carried out on two pipes, length 61 cm, diameters 7*35 and 
5-08 cm ; the interior surface of each pipe was roughened by being cut 
with double screw-threads of such pitch and depth that the principle of 
dynamical similarity was maintained. As the pipes were rough* the force 
of friction varied as u 2 , and the amount per unit area was 4-6u 2 /(10) 6 dynes, 
giving £= -00755. 

Stanton found that the velocity distribution was parabolic, so that 

u=\J c -Ar 2 , du/dr— — 2Ar . . . (2*79a) 

When the velocities at the centre were made proportional to the diameters 
of the pipes, he found that the velocity distribution was exactly the same in 
each case, that is, du/dr was the same. 

The conclusions to which he came are : — 

(а) For turbulent flow, the mechanical viscosity y is constant across 
the pipe, except for the region close to the sides where the effect of the 
boundary is felt. 

(б) As F oc U c 2 , F =y du/dr, du/dr cc \] 0 . . (2*796) 

then y oc U c . 


In similar pipes, when U c /D was constant, dujdr had the same value at 
points where r/D was the same ; but as du/dr oc U c , y must vary as D ; 
therefore, 'or pipes in which the roughness is such that Foe w 2 , and in 
which it is similar for each pipe, 


/a' =«= (constant)U c D. 

In the case of smooth pipes, where F varies more nearly as w 1 * 76 , 
the parabolic law of velocity distribution still held, but only between 
the limits r— 0 up to r=0-8R ; for this central region of the pipe 

the shearing stress per unit area, F . __ 

1 — > — r r — r- was constant as long as U- was 

rate of change of distortion, du/dr ° 0 

constant, but beyond the central area the value of y altered rapidly, until, 
when r=R and the boundary was reached, y = 77, which value holds when 
the flow is stream-line. 

Stanton and Fannell (Phil. Trans., 214a/1 99/1914) describe tests made 
to determine what similarity exists in the states of flow of different fluids 
in pipes. They found that F j(mu 2 ) was the same for all fluids when uD/v 
was the same, within the range uD/v from 2500 up to 470,000 ; F is the 
resistance per unit area of surface of contact between the fluid and the pipe. 

mD 3 dP 

Reynolds had found that for geometrically similar pipes — 5-3^- was a 


function of 


uD 


n 


dL 


now, as dP 7rD 2 =47rDFdL, 

mD 3 dP __ w 2 D 2 u 2 dP D / wD\ 2 4 F 
77 s dL t ] 2 dL Jim 2 \ v ) mu 2 


(2*80) 


One can therefore expect that F /(mu 2 ) will be a function of i*D/i/ or of 
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nDmfrj, which is what Stanton and Pannell proved. Reynolds thought 
that the function was of the form (uD/v) n , where w=l’0 when u<u ky and 
w=l*75~200 when u> u k , and the roughness of the pipe varied. Stanton 
and Pannell found that this was not so ; their tests covered ranges D=0*3 
to 10 cm, u = 30 to 6000 cm/sec, and showed liow F/(?nu 2 ) varied with 
uD/v for rough pipes (see fig. 2*4). The function is independent of the 
type of fluid used. 

The interest of Stanton’s work on, and curve for, F /mu 2 lies in the fact 
that this function is j|£ ; because, 


^(P 1 -P 2 )7tD 2 /4=FL7tD . . . (2*81) 

The g is added because F is in absolute units : also, from Eq. 2*9, 




mu 2 £L _ FL 4 
2 9 fT 9 « 
2F /mw 2 =£ . 


(2'Sla) 
(2*81 b) 


Taylor’s coefficient / in Eq. 2*30 a, /= ~ 


F 

- 0 , so that fq should equal 

mu 2 g 


F /mu 2 . 

In any particular problem in which ?/, D, v are known, the value of £ 
can be found from Stanton’s curve, fig. 2*4; but the use of u, D is not 
convenient, as u is not usually known ; but uD/v can be altered by using, 


xiD muT> mu S 4 M 4 _- /M 

— — — — ■“rv — t^v — j U) 

V 7] 7] ttD V 7J1T 


(2*82) 


Consider the use of this in practical problems : for any given pipe 
transmitting a known quantity of fluid M, we are able to find £ ; this value 
can be compared with the one in Table 21 for the same diameter pipe. As 
M/D increases, the value of £ does not decrease greatly ; this can be seen 
from fig. 2*4, which is plotted on a long basis. Assuming that the coefficient 
of friction found from fig. 2*4 is £' instead of being Unwin’s £, the loss of 
pressure in the pipe can be determined from fig. 2*9 or 2*10, and can be 
corrected by multiplying it by (£'/£). For ordinary problems we must know 
the values of the viscosity rj or v of gas, air, and steam, before we can use 
fig. 2*4 ; reasonable values are given here : — 


Table 2*5.— Approximate Values of Viscosities for General Use. 


Cent.* 

Air. 

Natural or coal gas. 

Steam. 

At O’ 

„ 16 
„ ioo 

V 

•000172 

•000180 

*000221 

V 

*133 

*147 

*235 

V 

•000131 

•000136 

V 

•146 

•161 

V 

•0000904 

*000097 

•000132 

V 

18*50 

7 *07 
•217 


M m , D, and v are in C.G.8. units, which are quite unsuitable for use m 

M 4 . 

ordinary problems ; so we transform the expression into one using 

lb., ft., and kg- metres. The conversion factors are : 
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_ 1 4 1000 12*75 , , . , ^ .. /0 . QQX 

K, = — -TTTx = , for metric, kg-metres units . (2 83) 

7] 7 7 100 7) 

K 2 =--12*75^^|==— , for English, lb.-feet units . (2*83a) 


M 4 

Then the function ^ • — becomes K 1 (M/D) in practical problems, 

D 7J7T 

M and D being in the ordinary units. Values of Kj and K 2 for the 
various conditions are as below : — 


Table 2*6. — Constants for Converting M/D Functions 
to C.G.S. Units. 


Units being 

Air. 

Natural or coal gas. 

Steam. 

Metric. 

Eng. 

Metric. 

Eng. 

Metric. 

Eng. 

At 0°C., 32° F. 

>. 16 „ 60 „ 

„ 100 „ 212 „ 

74,000 

70,900 

57,600 

110,000 

105,000 

85,500 

97,400 

93,800 

145.000 

140.000 

141,200 

132,000 

96,600 

210,000 

196.000 

144.000 


Generally M/D in metric units will range from 0*10 to 20-0, so that the 
function K 1 (M/D) = 7400-148,000, and the log varies from 3*8 to 6*2. 
Fig. 2*4 gives the values of £ for various values of K(M/D) ; fig. 2*13 gives 
graphs for converting quantities of flow into kg or lb/sec. 

Lees (Proc. Roy. Soc., 91a/46/1915), in discussing the flow of viscous 
liquids through circular pipes, mentions that Hagen (Math. Ahh. Berlin. 
Akad., — /17/1854) gives, 

Ei-IW Lt^/D 1 * 25 . (2*84) 

and that Weisbach gives, 

P 1 ~ P 2 = (const. )[w 2 + (7/6)w 1 ' 5 ] . . . (2‘84a) 


Reynolds (Phil. Tran*., 174/935/1883) has shown that the frictional 
resistance should be expressed by, 


Kif 


D 3 - 


fv 2 ~ n u n fv 2 ‘f / u D\ n 

= - D Trvr == D 3 \"7/ 


(2*846) 


where / and n are constants. From Darcy’s work Reynolds found, 

n=l*79 for glass, 1*88 for lead, 2*0 for cast-iron pipes. 
3— n=g=l*21 . „ M2 „ 10 

Unwin found that the friction varied as fu n jD q , with 

n=l*72, g=M0 for tinplate pipes. 

= 1*72, =1*39 for wrought-iron pipes, 

= 1*95, =1*16 for new cast-iron pipes, 

=2*00, =1*16 for old cast-iron pipes. * 


5 
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Lees says that the velocity distribution in a pipe is the sainc as long as 
the function uD/v is the same ; F /(wm 2 ) will also have the same value for 
such pipes. From Stanton’s curve in fig. 2 ’4, showing the relation between 
the functions uDjv and F /(mu 2 ), Lees worked out the equation giving this 
relation, viz. 

F/(mu 2 )=/(uD/v) .... (284c) 

The function of uDjv is not a simple one, so that F cannot be expressed 
as a single power of u : Lees found the function as, 

F=w/[-0765(i;/D)* 3 V 65 H- -0009^2] . . , (2*85) 

for pipes 0*3 to 12 cm in diameter ; all units are C.G.S. As v for air is 
0-137 at 15° C., we get for atmospheric air, 

F= •0000468?/- 1 ' f,5 /D' 35 + -000001 1 Ou 2 . . (2*85a) 

Pi- P 2 = L|/0001872 w^/D 1 * 33 H -00000440u 2 /D] . (2‘856) 

as F 7 tI)L= 7 tD 2 (P 1 ~ P 2 )/4 (2'85c) 

As u or D increases, F varies more nearly as u 2 , the index of u being 



1-72 

1-77 

1-82 

1-92 

when 

u= 58 

258 

900 

2250 cm/sec. 

or 

m=1-91 

8-50 

29-5 

74 ft/sec. 


The effect of temperature on F decreases as u or D increases and as v 
decreases. Finally, the form in which F should be put is, 

■ ■ ■ 0 -«*> 

and for bodies in which the principle of dynamical similarity holds, 

a =0-0036, 6=0-306, ra= 0-35 . . . (2*85e) 

These are absolute constants, and we have the values in Eq. 2-85cZ in practice 
as follows : — 

— Z-w&n 


and 

K(M/D) varies from 7400-1,480,000 

then 

K(M/D) -35 

22-4-1 42-8 

and 

6(v/wD)' 35 „ 

•01368-002145 


Lander ( Proc . Roy. Soc., 92a/337/1916) describes similar tests made with 
steam flowing in iron pipes 1*07 and 3-30 cm in diameter. The maximum 
value of uD/v was 500,000 C.G.S. units, and the velocities went up to 4000 
cm/sec (130 ft/sec). The tests gave the same type of results as Stanton’s, 
viz. 

£=-0020+-1410(wT)/0* 44 • • • (2*85/) 

Lander’s value for £ is about -0002 to -0004 greater than Lee’s at small and 
large values of log (uD/v) respectively. 
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Lewis (Jour. Indust . and Eng. Chem., 8/627/1916) discusses the flow of 
oil and such viscous liquids in pipes, and finds the equation of flow to be, 

1*1577 + •000114w 1 * 85 /D 1 ‘ 22 . . . (2’86) 

77 is the viscosity in poundals/in 2 . Putting this in a form using 77 in 
dynes/cm 2 , as 1 dyne/cm 2 =*000466 poundal/in 2 , 

p= *00053777+ •000000533w 1 ‘ 85 /D 1,22 . . (2-87) 

P=*0773t7=*0000765w 1,85 /D 1,22 . . . ( 2*88) 

Lewis states further that for oil flow in pipes up to 2 inches in diameter 
one may use for approximate purposes a coefficient of friction £', where £' 
is related to £ for water in similar circumstances, as follows : — 

£' = £[0*955 + *045(77' for oil)/(n for water)] . . (2*89) 

77 for water is *00000467 poundals/in 2 ; Lewis verified Eq. 2*89 for values 
of the ratio rj f /r) up to 20. 

Dyer (Jour. Amor. Soc. M.E. , 36/258/1914) discusses the flow of oil in 
pipe lines and gives a tentative formula, 

H= 3 ^ 5 (0001 °75E- 1 ) . . - (2'89a) 

where E is the viscosity in seconds, i.e. the time taken for a standard 
quantity to flow out of a standard viscometer. In the cases under considera- 
tion E always exceeds 930. 

Tables for log uD/v at 5°-intervals from 35° to 210° F. are given by 
Parry (Eng. Elec. Jour., 1/146/1920), where values of wD range from *10 
to 1*00 ; this avoids calculation of v for the temperature. Wilson (Engr. 
News. Rec., 89/690/1922) quotes Stanton’s curves and discussion for friction ; 
lie gives a figure showing the viscosities of various oils at various tempera- 
tures. Escande ( C.R. , 180/1326/1925) proved that the laws of similarity 
held using oils of viscosity i/=0*605, 1*51, 4*10, and also held up to very 
high velocities when testing water flow ( C.R. , 181/296/1925) in pipes 5*9 
and 30 mm diameter, u up to 14*55 m/s, and with 79*5, 16*0, and 1*94 mm 
diameter pipes, the velocities being 2*57, 13*15, and 109*4 m/s. 

F. Derivation of graphical charts. 

There are three methods of drawing up graphical charts for solving 
problems in ventilation, compressed-air, or gas work, where the approximate 
equations 209, etc., hold. The first method is to plot the quantities on 
arithmetically-squared paper, as is done by Martin (. Engineering , 63/361/1897). 
The second is to plot the quantities on logarithmic-ruled paper, as will be 
described in detail. The third method is to plot the quantities on an abacus, 
as explained in the Electrician , 81/339/1918. In every case some value for 
the constant part of the coefficient of friction, £, must be chosen as re- 
presenting accurately enough the friction in the pipes in question, before 
the charts can be drawn up. The variations of £ with m, u , d , as shown 
in Table 2*4, are taken into account in drawing up the charts on the third 
method. The first type of chart is unsatisfactory because with arith- 
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metically squared paper the accuracy of the curves varies greatly at small 
and big values owing to the formula including the squared terms of M 
and u ; therefore this type is not discussed here, but some graphs illustrating 
it are shown in fig. 2*6. The second type of chart, being on log paper, 
allows the quantities to be represented by straight lines (see fig. 2*8 to 2*11), 
but there are many lines on the chart, tending to make it confusing. The 
third type of chart (see fig. 2*7) is very simple in form, but requires one 
or two straight lines to be drawn on it when solving problems. 

Fig. 2*8, 2*9 are drawn up from Eq. 2*09. 



2 gD 


= «(Pi 


Pb) 


(2*90) 


t>(*/L)(5-2) = (4£/20D)tt 2 , Eng. . . . (2*90u) 

vh =(4£/2#D)w 2 , metric. 

Then 

log v~\- log (Ji/L) + log 5-2== log (4£/D) — log 2/7 + 2 log u . (2*906) 


Loss oF 
Pressure 
er WO Ft. 


We take as abscissae on the log scale values of h/L ; by adding log 5-2 
+log v to the values of log hj L we get straight lines representing the left- 

Velocity ! ,and side of Er l- 

for each type of gas 

required, v being the 
specific volume for the 
gas of various densities. 
Lines are drawn, for 
Loss of coal gas of densities 
Pressure p— .+ p- *6, for air at 
erWOFl. 4l | in , OS pi 1(ir i c pressure, 
es and for compressed air 
at various pressures ; 
r r these lines associate loss 
of pressure with types 
of gas of various den- 
sities. Similarly, values 
of log (4 £/D) — log 2</ 
are added to 2 log u , 
and straight lines re- 
presenting the right- 
hand side of Eq. 2*906 
for pipes of various 
CUf ft* oF Free Air per minute. diameters are obtained. 


mmumr^mmummumu 


Cu. Ft. oF Free Air per minute. 


Fig. 2*6. — Loss of pressure and velocities in short brass These lines associate 
tubes when various quantities of air are flowing, velocities with sizes of 
Unwin s £ has been used. pipe. Given any three 

factors, we are now able to find the fourth by simple inspection of the chart. 
Consider the following examples. 

What is the velocity of air in a ventilating duct 4 in. diameter when the 
loss of pressure is 0*2 in. of water per 100 ft. ? One runs the eye along the 
“ air 99 line to where hi L=2 ; then pass horizontally to the 4 in. diameter 
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line; drop vertically to tlie bottom scale and read of! the velocity, viz. 
12*1 ft/sec. 

What is the loss of pressure per 100 ft. for an 8-in. gas main when the 
velocity is 20 ft/sec, the density of the gas being 0-60 ? Run the eye along 



Fig. 2’7. — Typical abacus, for giving tho quantity of flow in pneumatic tubes, 100 to 100,000 ft. 
long, 1 in. to 0 in. diam., when working at various pressures or vacuum. To find the 
quantity of air used per minute, join the given diamotor to the given pressure, intersecting 
the XY line at O. Join tho given length to O, and produco this line to meet the quantity 
line : where this cuts the quantity line gives the quantity flowing in lb/min. The figures 
under pressure and vacuum are gauge pressures in lb/in 2 . The fig. is drawn up from the 
equation (Pj 2 — P 2 2 ) 1 , 2 1) 2,654 = 4*52ML 1 / 2 . Lorenz’s value of friction is used. P is lb/ft 2 , D is 
diam. in ft., M is quantity in lb/sec, L is length in ft. 

an assumed 8-in. line to where w=20 ft/sec, and pass horizontally to the 
line for gas, 0-0, and read the loss of pressure on the bottom scale, =0*13 in. 

What size of pipe will be necessary if the loss of pressure in a ventilation 
duct is to be \ in. per 500 ft. and the velocity is not to exceed 15 ft/sec ? 

One runs along the dotted line for “ air ” to the point where ft/L=*50, and 
then goes horizontally to where w=15 ft/sec ; this point lies about one-third 
of the way between the 12-in. and 24-in. lines, so a 16-in. pipe would be 
required. 
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To draw up fig. 2‘10, 2'11 for quantities in kg or lb/sec, we proceed 
on precisely similar lines, using Eq. 2'096, 

w= (ElzIi . . (2-91) 

putting L.-100 and using mm or inches of water, 

Wv = (P x — P 2 )(2D") = (6/L)(5-2)2D" . . (2*91a) 

Then, 

2 log M— log 2D"=log 6+ log 5-2-log v . . (2*916) 

Consider one example. What diameter pi]>e 3 miles long will transmit 
50,000 cu. ft. of free air per hour at 100 lb/in 2 at a loss of pressure of 
10 lb/in 2 ? Lb/sec — 1-061, 6 = 277, L=15,800, h per 100 ft. = -0185. Then 
on fig. 2*10 run up a line from h = -01 85 to a point slightly above the 102 
lb/in 2 line, as the moan pressure is 95 lb/in 2 ; run horizontally to where 
M = 1-061 ; a 5-in. pipe will do. 

We draw lines of greater slope for quantities flowing in pipes of particular 
diameters , and lines of lesser slope for the loss of pressure for various types 
of gas. One must remember that in fig. 2*8 to 211 the factors associated are: 


Quantities^ 

or >and diameters of pipes : greater slope lines. 

Velocities J 

Loss of pressure, and types of gas : lesser slope lines. 

These figures include Unwin’s £ ; if another value £' is preferable, either 
redraw the charts with that value of £' , or use fig. 2*8 to 2*11 and multiply 
the quantities and velocities by (£/£')*, etc. See Table 2*1. 

To use the charts even when dP= const. (u) n instead of const, w 2 , we 
can proceed thus : 

— P 2 = AL u* in the first case . . . (2*92) 

P/— P 2 ' = BLw n in the second case, 

where n may have any value between 1-75 and 2-0. 

Then, as regards loss of pressure for a fixed velocity u , the ratio of the 
true loss to the loss found by the first equation is, 


P/-P/ &u n B B 1 

Pi — P 2 Aw 2 Au 2 “ n A f-fu) * 


(2*93) 


Values of w 2 ~ n are given in Table 2*7 (p. 62). If, therefore, u is given and 
A and B are known and assumed equal, T 1 — P 2 may be found from fig. 2*8 
or 2*9, and the true P/ — P 2 ' deduced by dividing by the proper factor in 
Table 2*7. 

If Pj'— P 2 ' is given and u is required, use a process of trial and error : 
find u from fig. 2*8 or 2*9 : find what P/— P 2 ' would be with the correction 
factor : find u again from this new value, and so on until a value of u is 
found which gives P/ — P 2 ' when the correction factor is divided into Pi-p* 
as found? from fig. 2*8. 
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English Units Metric Units 

Fig. 2*12. — Abacus for converting quantities from one system of units to another. 
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Fig. 2*13. — Chari for converting quantities of flow in various units to flow 
in kilograms per second. The numbers at the right hand show the 
flow equivalent to 1 kg/soc. 


Table 2*7. — Correction Factors, if n does not equal 2-0. 



M and u are found from charts or graphs, using n = 2. 
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As regards quantities delivered, if the loss of pi os sure is fixed, we have, 


M'=mS[(P 1 '-P 2 ')/(BL)] l /« . 

m' rov-p.Tm AL 1* «' 

M _ L BL J L(P 1 -P*)J ~u 


If the drop of pressure is fixed, and A=B, 


M' 

M' 


= U (2-n)/ n = M '(2- n )/2 = y 2 (, ( ) 


(294) 
(2 ’94a) 


(294fc) 


If Pi~ P 2 is given and we want to find M', knowing that the true formula 
for drop of pressure is dP/dL=Aw n , we find by calculation or from graphs 
M the quantity and u the velocity which would exist if the law was dP/dL 
= A u z . The true quantity flowing will be f 2 (u) M. Similarly, if we want 
to know what pressure will give a velocity u\ the necessary pressure is 
(Pi — P 2 )//i(w), where P x — P 2 = ALw 2 , and can be found from charts or tables. 
The charts are based on the velocity- square law. 

For pneumatic tubes the equations are more complex, if the fundamental 
equation is of the form, 

dP/dL = B m n 'u n .... (2*95) 

This seems likely from Fritzsche’s work ; m and u are not independent, 
as u increases as P falls and m decreases, so 


dP_ / P \*7M(JT\* 1 
dL ~ i5 \C r J7 \ B / P n 


Assuming that T is constant, 

dP P«- w ' = B(M/S) w (CT) w -^(dL) 
which when integrated gives the general equation, 


P n— n'+l p w'+l /M\n 

’ .-»*+! “(") 


putting n—w' + l=a; if n'=l, then a—n. 

Bl(|)"(CT) 0 -i 


It is known that n is about 2-0, Fritzscho says = 1*852 
n' „ 1*0, „ = 0*852 

a „ 2*0, „ = 2*000. 


(2‘95a) 

(2-956) 

(2-95r) 


(2*95d) 


If we now test pneumatic tubes, when working at high pressures, say 
p = 30 or 45 lb/in 2 absolute, and work the other end of the tube at a very 
high vacuum, say 10*7 lb/in 2 , then the variations in the high vacuum will 
be negligible, as P 2 “ will be very small in comparison with Pj®. 

If Pj is made so large that P 2 ° may be neglected, then 


Pi°_ oBL(CT) n_n ' 

M B — ~ S" 


(296) 


Observations of M with Pj= 15, 20, 30, 45 lb/in 2 on one particular tube 
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should enable one to determine how closely n and a correspond ; n could be 
determined by working different tubes at the same terminal pressures, 
if we can assume that we know the coefficient of friction for each tube 
accurately, because we would get, 

-- 1 M" P ' =(con8tant )^ • ( 2 ' 96 «) 

£ would have to be measured by noting P 2 — P 2 for a small length of tube 
when the velocities u were known. 

At the moment I cannot say certainly what are the values of n and n ' : 
for a short portion of tube n would quite probably be about 1*85 or so, as 
the tube is of the smooth type ; but for a long tube with many joints, and 
with apparatus, etc., it may be that the tube as a whole becomes of the 
rough type and n becomes = 2-0. 

n r , again, evidently varies from *852 up to 1*0, the usual value which is 
taken. Further tests could give more light upon these matters. 

As regards quantities, if n does not = 2*0, comparisons between the 
quantity found by the usual formula and the true quantity M' can be made 
thus: 

M'_(l_<£")i/n 2* (CT )*/»-* 

n 1 /* (LB) • • • 

For particular cases when the value of n is known this can easily be worked 
out; it is not worth working out in general, because the values of <f> and n 
both vary. The value of the ratio M'/M will be somewhat similar to the 
values given in Table 2’7. 


G. Telephone cables. 

The flow of air for desiccating telephone cables must follow the general 
laws of air flow, but few experiments have been made, and the types of 
cables vary so much that a great many tests would be required in order to 
get full results. Scholz (Telephone Engr., 14/295/1915) has given a transla- 
tion of a German article concerning tests which were made upon certain 
lengths of cable. It is not easy to follow the equations which he gives, 
owing to printers’ errors and the absence of statements as to what all the 
symbols mean. He gives a few results of tests, but the laws of flow do not 
seem to be regular. 

Mansbridge (Jour. Post Office Engr., 5/304/1912) tested the flow of air 
in a 7-pair telephone cable, 2520 ft. long. He took as the unit of resistance, 
a resistance such that, with a gauge pressure of 1 lb/in 2 at one end and with 
atmospheric pressure at the other, a flow of 1 cu. ft. of atmospheric air per 
hour was delivered. In the calculations he seems to have only used gauge 
pressures, which is not altogether satisfactory, because the flow of air will 
not only depend upon the gauge pressure at the one end, but will be dependent 
upon the absolute pressures at both ends, and the function which connects 
the flow with these pressures may not be a function of (p 2 — p 0 )= gauge 
pressure. The flows for the 7-pair cable were as follows : — 

Cu. ft/hr . -0193 -0422 -0682 -0950 -1390 -1770 
Px-Po 10 20 30 40 50 60 

ft . . . 24-7 34-7 44-7 54-7 64-7 74-7 



COEFFICIENT OF FRICTION IN PIPES. 


65 


Mansbridge shows how the flow in the telephone cables follows entirely 
different laws to the flow in pneumatic tubes, and the reason is simply 
that in telephone cables the flow is so slow that it follows the Poiseuille 
laws, in which the resistance varies only as the velocity and not as the 
(velocity) 2 . The critical velocity dividing the two states depends upon 
1 jmd : for a telephone cable the effective diameter d must be very small, 
so the critical velocity is high. 


H. Best size of pipe. 

A discussion of the best size of pipe for steam is given by Euverte 
( R.G.E . , 20/741/1926) and by Denecke (Zeit. Daw])f. n. Masch., 44/201/1921), 
the latter being exhaustive. Lombardi ( Genie Civ., 79/583/1921) calculates 
the most economical pipe for conduits leading to hydraulic power stations, 
using Chozy's c for friction, and considering cost on the basis of cost of 
iron in silu, at so much a ton, the weight of iron being determined by the 
hydraulic pressure to be withstood ; thus, 2or-— DH, given D— diameter, 
H= hydraulic head, cr= allowable stress in pipe of thickness e. Lombardi 
then balances the extra work lost due to friction, and thus not available 
for generating power, against the extra cost of a larger diameter pipe. 
The work lost in friction is (Pj— P 2 ) (volume of fluid). Lombardi s final 
result is : 

/ D \ 7 _ Q 3 <j 2 k 

vRBJ ~C 2 H(2a+li>pJ , 

where D=diameter in m. 

Q™m 3 /sec averaged over a year. 

<r=allowable stress in metal, tons/m 2 , =10,000. 

H= maximum hydraulic pressure in metres of water, =50 to 300. 

IT = maximum hydraulic pressure in tons/ni 2 , which is negligible 
compared to o\ 
francs per kWh, =0-05. 

C=Chezy constant, 56 to 58. 

J=interest and depreciation. 
w= tons/m 3 for iron, =8. 
p=francs/ton in situ, =2000. 

The equation allows for a plant efficiency of 75 per cent., and for working 
24 hours a day for 360 days a year. 

Cathala (Gen. Civ., 83/228/1923) employs the same calculations, but 
uses Mougnier’s value foi friction, viz. : 

H/L=0*02w 2 /D 1>26 , for cast-iron pipe. 

The best pipe is found from 

5-25(9-81)QVo 8 *B 

325(2H)(2o+H>w^J ’ 

/ being the efficiency and s the number of hours in use. 

Sachs (Schw. Bau., 83/203/1924) deduces the most economical size of 
steam pip© to use, considering the radiation losses against the loss of pressure, 
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a large pipe giving a small loss of pressure but large radiation losses. His 
equation is : 

r 1-166 

d=|57-6(3G00)Mc 1 /p 1 Jre Le 2 ) I , 

where c 1 =10-5(10)LM !! /(7r ! ml0 8 ), 

c 2 =5(<-e')+4[(-001<) 4 -(-001<')*J, 

t being the temperature of the walls and t' that of the air. For the friction 
he uses Eberle s value ; see Eq. 2*51. 

I. Resistance of materials. 

Zeisberg (Chcm. Age , 2/118/1920) investigated the resistance of packing 
materials to gas flow. Air was blown through a series of chemical ware 
absorption lowers, 30 in. diameter and 15 ft. high, with pipes 8 in. in 
diameter to carry the air from one tower to the other. The resistance 
of quartz packing of 6-in., 3-in., 2-in., and 1 to 1-in. sizes was, respectively, 
58, 101, 384, and 672 per 10 7 ft. 2 , one foot high. No relation was observed 
between the surface area and the apparent coefficient of friction. 

Ramsin (Wanne, 51/301/1928) tested the resistance of grain, wheat, 
lead shot, and anthracite to the flow of air, in connection with the drying 
of materials by hot air. He found that the pressure in mm of water— BLw n , 
where the velocity u is taken as quantity/area, assuming that the whole 
area is free. The test chamber was 30 cm by 20 cm, and the thickness 
of the various materials varied from 5 to 50 cm. The coefficient of filling, 
k , was obtained from the density per unit volume of the grains as compared 
with the specific, gravity. 11, which is a measure of the friction, was reduced, 
and n was increased, as the size of the globules increased, and the space 
for air increased. 

For a range of globules with d from 1 to 20 mm, w=-l to 2 m/s, Ramsin 
obtained : 


n = 

1-35 

1-44 

1-64 

1-76 

1-85 

B = 

4-2 

1-33 

0-33 

0-15 

0*10 

for d = 

1 

4 

10 

15 

20 mm. 

and for different materials : 




Maize. 

Wheat. 

Poppy. 

Shot. 

Anthracite. 

« = 1-57 

1-43 

1-35 

1-82 

1-9 

1-70 

B — -6 

1-40 

3-9 

•235 

•09 

•156 

d = 7-37 

3-48 

•99 

7-61 

20-6 

16*0 mm. 

k = -623 

•610 

•582 

•768 

•554 

•• 


J 

. Pneumatic conveying. 



We will now consider very briefly pneumatic conveying plants, as they 
depend upon flow of air for the conveyance of materials such as grain, coal, 
cement, ashes, and dust. The important fact to know is the B.H.P. 
required to convey so many tons of material per hour along the requisite 
length. # A table of results obtained from various plants is given herewith, 
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from which it appears that for distances up to 300 ft., 1*5 B.H.P./ton 
should suffice. The most illuminating paper on the subject is by Gaster- 
stadt ( Forschungsarbeiten , No. 265, 1914), for some, extracts of which see 
the following. Cramp (Jour, Soc. Arts, 69/283/1921; Engr ., 130/257/1920) 
found that, in order to lift grains of wheat, a velocity of sometliing over 
16 ft/s was needed, and that when the velocity was 30 ft/s all grains were 
lifted ; velocities of 29-5, 32, 19-6, and 14 ft/s were required to lift maize, 
Karachi wheat, malt, and broken wheat, respectively. 


Table 2*8. — Particulars of Grain- and Coal-conveyino Plants. 


Ref. 

No. 

B.Tl.P. 
per Ion. 

Tons 
per hr. 

Pipe 

cliiim., 

in. 

Lb. per 
in 3 . 

Length, 

ft. 

Height, 

ft. 

Typo of material. 

1 

1-48 

145 




60 

Grain 

2 

1-6 

15 


, . 

328 

49 

Bohemian barley 


2*45 

10-5 

, , 

. . 

328 

49 

Algerian wheat 


4-72 

6-5 


# t 

1050 

23 

French wheat 


5*3 

4-7 


m m 

1050 

23 

Karachi wheat 


1-2 

10 

51 5 

•31 

328 

. . 

Wheat 


10 

10 

3*72 

•62 

328 

. . 

*» 


■83 

10 

4-2 

•47 

328 

. . 

»> 

3 

1-2 

50 


4*0 

. . 

. . 

>> 

4 

1*35 

51 

80 

3-45 

70 


„ 


2-28 

75 

. , 

3*45 

104 


»» 

5 

1*6 

90 


•58 

. . 


»» 

6 

1-33 

60 


. . 

328 


Goal 

7 

20 

20 

50 

. . 


80 


8 

20 

10 

5 0 

. . 



»» 

9 j 

3*2 

20 

• • 

• • 

300 

40 

»* 


1. Beni I Kim (blanch. Annnc. Engr., -- /293/1916). 

2. Zimmer (Engr. and I mi. Man., 2/793/1919). 

3. Bcnt ham (Elec., 82/61/1919). 

4. Knight (InM. blech. E. I'roe., — /917/1921). 

5. I ml. Man., 13/504/1926. 

6. Lwownki (Gliickauf, 56/714/1920). 

7. King (Coll. Guardian, 119/1216/1920). 

8. Engng., 124/453/1927. 

9. Engr., 143/163/1927. 

Gasterstadt discusses pneumatic conveying in connection with the 
following points : — 

1. Properties of the material, viz. specific weight, size, surface, and 
form of surface of the particles. 

2. Density and velocity of the air current. 

3. Direction of the path, whether up, or down, or bent. 

4. Size and kind of pipe, i.c. diameter and roughness. 

Let M s be the quantity of material conveyed, in kg/hr. 

Let M a be the quantity of air needed, in kg/hr. 

The ratio M a /M a , which Gasterstadt calls /x, gives an idea of the amount 
of air required to drive the material along the path. Also let the* pressure 
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drop when air only is conveyed be P a , and let the drop be P B when the 
material iB conveyed ; then the ratio P fi /P 0 is a function of /*. A certain 
minimum velocity of air is required to carry the material along the pipe 
and prevent it sticking to the sides and blocking the pipe. This minimum 
velocity appears to be about 12 m/s, or 40 ft/s. Gasterstadt used a test 
line, 108*855 metres long, of which 100 metres were straight ; the first 
47 metre! were 89 mm diameter ; the rest was 95 mm diameter. The 
power was provided by a vacuum pump of 30 H.P. The drop of pressure 
in the pipe was measured when only air was present and when both air 
and material were present, the velocities being usually about 20 m/s. To 
measure the speed of motion of the particles, a soft, hollow iron sphere, 
of the same weight and size as the particles, was introduced into the tube 
and coils of wire were placed at various distances along the tube ; the 
passage of the iron particle affected a galvanometer and enabled the velocity 
to be determined. The sphere was released magnetically when it was to 
be introduced into the material. 

To measure the air velocity Gasterstadt used a Brandische Stauscheibe, 
71 mm diameter, rounded orifices, 70 mm diameter, and a Pitot tube of 
4 mm. diameter. For the pipes, the friction was found to be : 

j8=4*25/M a 0 * 253 , for the 89-mm pipe ; £=*02O8/M' 253 , 

]S= 4*33/M a 0 * 253 , for the 95-mra pipe ; £=• 0212/M* 253 , 

where dP/dL=j8ww 2 /D. 

The results of the tests showed, for conveying grain, F*/P a - 1 -|-0*38/a, 
when the air entrance velocity was 15-9 m/s, and P B /P 0 =1 +0-33/X, with 
air entrance velocity 19*8 up to 27 m/s. The slope of the line, where the 
constant 0*38 or 0*33 represents tan 0, gets less as the entrance velocity 
increases. For wheat, the value of tan 0 at certain velocities was : 

tan 0 == 0*55 0-44 0*35 0*27 

Velocity = 14*1 16 18 27 m/s. 

The equation is, P,/P a =l+tan 0( M*/M fl ). In the tests M # /M« went up to 
as much as 15. 

Samples of the test results, air density— 1 *19 kg/m 3 , are as follows : — 


Treasure, 
mm. water. 

M h , 
kg, hr. 

Mo, 

kg/hr. 

Velocity, 

m/s. 

335 

309 

339 

12-8 

681 

1025 

427 

161 

752 

1210 

483 

18-2 

853 

844 

566 

i 21-4 

1022 

844 

640 

! 24*2 

1230 

839 

725 

! 27-3 


1355 to 6440 

517 

20 


2500 „ 6650 

521 

20 


667 „ 2400 

412 

16 


1030 „ 5600 

700 

j 

27 
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The later portion of the paper is concerned with the path the particles 
take in a pipe and with the forces acting on the particles. 

A few figures will now be given to show what H.P. may be required to 
convey materials. Assuming we know how much air is required and the 
length of pipe, the loss of pressure in the pipe will be at least as given by : 


P1-P2 

L 


=(ML\ 


M 2 _ 1 1 M 2 
2w(144)~288D* m 


. (2-98) 


The following table gives the loss of pressure for air at 15° C. and 
70 per cent, moist, with f/*=-0736 lb/ft 3 , and also when m=-10 lb/ft 3 . 

Table 2*9. — Loss of Pressure for Quantities of Air of 
] or 10 lb/sec. 


(Pi-p 2 )/iooft. 


Diameter, 

inches. 

Unwin’s 

C- 

Quantity, 

lb./aee. 

w? = -0736. 

m=10. 

(1) 

(2) 

(3) 

(4) 

(«> 

2 

•00757 

1 

55 -5 

40-8 

4 

•00513 

1 

118 

•0867 

6 

•00432 

10 

130 

0-61 

8 

•00302 

10 

2*78 

205 

10 

■00367 

10 

•867 

•64 

12 

•00351 

10 

•337 

•248 


If the quantity is M' at density 0*1, the last four entries in column 5 
should be multiplied by (M'/10) 2 and the first two by (M') 2 . If the density 
is m', then the figures in column 5 should be multiplied by (0-1/m') to 
obtain the true loss of pressure. 

For other sizes of pipes Eq. 2*98 should be used, with values of D* as 
in Table 2*1. If the friction is not Unwin’s £, but £', then multiply Pi—p 2 
by 1% 

If the quantities are given in ft 3 of free air per hour, density -0736, 
the following table, will give the conversion factors : — 

Table 2*10. — Conversion of ft 3 /min to lb/sec. 


Ft 8 /hour. 

Ft 8 /min. 

Ft 3 /sec. 

Lb/sec. 

36,000 

600 

10 

•736 

43,800 

815 

13-6 

1-000 

72,000 

- 1200 

20 

1-472 

108,000 

1800 

30 

2-208 

144,000 

2400 

40 

2-944 

180,000 

3000 

50 

3-680 

360,000 

6000 

100 

7-360 
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Fig. 2*12 gives a table for approximate conversions from one set of 
units to another. 

The H.P. needed to compress 1 lb/s or 815 ft 3 /min of air from atmos- 
pheric to various gauge pressures, as in Table 4*2, assuming that the 
motor H.P. is twice the isothermal work required to compress the air, is 
35, 44, 6p or 74 H.P. for compression to 6, 8, 12 or 16 lb/in 2 gauge, re- 
spectively. The H.P. for other quantities is proportional to the foregoing. 

A few notes on some papers will now be given. Coutant (Power, 
60/215/1924) describes the conveyance of 22*5 lb/s of pulverised coal through 
650 ft. of 4-in. pipe at an expenditure of 1*25 lb/s of air at 50 lb/in 2 
pressure. Potts (Ind. Mag., 67/9/1 924) describes low-pressure plant using 
2 to 6 lb/s of air at 6 in. to 10 in. of water, handling dust and shavings. For 
unloading 20 tons/hr or 746 lb/min of grain from cars, required 306 lb/min 
of aii at 4 to 5 lb/in 2 , flowing in a 10-in. pipe. Cketn. and Met. Engng ., 
22/566/1920, describes plant for conveying J-in. gravel and |-in. iron rivets, 
in which no trouble from abrasion occurs as the material is carried in the 
body of the air flowing. King, in describing coal-conveying plant at 
Boots’ factory, mentioned that the bends wore out in six months due to 
abrasion from coal. Engng., 124/741/1927, mentions a Nuvalco suction 
conveying plant without giving either size or power required. Roberts 
(Comp. Air, 34/273/1929) describes the unloading from a ship of cement 
by air at 60 lb/in 2 pressure through 5-in. pipes with a lift of 75 ft. and 
a length of 50 ft. Comp. Air, 34/2661 /1929, mentions the use of compressed 
air at 90 lb/in 2 for creating a vacuum 60 per cent, greater than that in an 
ordinary vacuum cleaner by injecting the air through a *1 25-in. nozzle into 
a -75-in. pipe. Fromme (Gluckauf, 64/429/1928) describes the pneumatic 
stowage of waste rock in pieces up to 5 in. diameter to fill up coal seams. 
The air velocity was from 164 to 197 ft/s in a 10-in. diameter pipe. 810 
ft 3 of materia] were stowed away per hour. The ratio by volume of air 
to material was 35 to 1. Riefstahl (A.E.G. Mitt., 6/393/1929) describes 
the conveyance of hay and grain over short distance by means of fans. 

K. Conclusions. 

When one sees Tables 2*2, 2*3, 2'4, it seems rather hopeless to come to 
any conclusions ; such an attempt will, however, be made. 

Conclusion 1 . — For approximate use, if the variation of £ with diameter, 
etc., is to be neglected, and Eq. 2‘09 is to be used, we can choose, 

£=•0080 for steam flow. 

= •0060 for ventilation work. 

= •0050 for compressed-air work. 

Conclusion 2. — Using Eq. 2’09, but wishing to use a value of £ dependent 
upon diameter, Unwin’s formula is reasonably satisfactory. Fig. 2*8 to 
2*11 are then of use in solving any problem in transmission. 

Conclusion 3. — In pneumatic-tube work, when using Unwin’s theory on 
which Eq. 2*08, etc., arc based, suitable values are, 

£=•0085 for lj-in. tubes. 

= *0070 ,, 2£-m. „ 

— •0060 „ 3-in. „ 
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CHAPTER 

II.— SYMBOLS USED. 

Equation. 

Symbol. 

Moaning. 

2*79a, 2*92 

A 

—a coofliciont. 

2 92 

B 

S=== „ 

2 32, 2*8 5d 

Cl 


2*32, 2 8 5d 

b 


2*05 

C 

==air or gas constant. 

2’ 64c 

c 

— a coefficient. 

2*01 

D 

= diameter in ft. or metres. 

2*34 

D' 

— „ in cm. 

2*36 

d 

— ,, in in. or mm. 

208a 

D" — 

gn 2 D* 

== coefficient depending on size of pipe 

2* 79 

F 

—shearing force of friction. 

2 29 

V 

— pressure in oz,/in 2 . 

2' 30a 

f =C/(2g) 

—the frictional force. 

2 04 

it 

—gravitational constant. 

2 31 

h 

= pressure in in. or mm. water. 

2*07 

H 

— „ in ft. of fluid. 

2*31 

h" ~uV{2g) 

— velocity, in. of water. 

2 64 

1 

ii 

—frictional force. 

2*33 

K 

=a coefficient. 

2*33 a 

K' 

= ** 

2*83 

K x , K 2 

= „ 

201 


= length of pipe. 

202 


—weight of gas flowing per sec. 

2*01 


=donsity of gas. 

2 29 

— •0764 lb. 

—density of air at 60° F. and P 0 . 

2*38 

-=p?n 0 

= „ of fias. 

2*71c 


—index of u in Fritzsche’s equation. 

2*7 lc 


= „ of p in „ „ 

2 01 

Fp 

^pressure in lb/ft 2 or in kg/m 2 . 

2 10a 

p 

= „ in lb/in 2 or in kg/cm 2 . 

2*03 

Q 

— volumo in cu. ft. or in cii. metros por sec. 

2*71/ 

4 

=index of D giving friction. 

2*79 

r 

= radius of pipe. 

2*21 

S 

= area of pipe. 

2*04 

T 

—absolute temperature. 

2*01 

u 

= velocity. 

2*79a 

u c 

= ,, at axis of pipe. 

2*786 

Uf c 

= critical velocity. 

2*90 

V 

—volume. 

2*04 

X =P/P 0 

= ratio of pressure to atmosphere. 

2 21 

Y 

= perimeter of pipe. 

2*59 

z = 4 ; 

= coefficient of friction as used by some writers. 

2*37 a 


=height above datum levoL 

2*01 

P 

= a coefficient. 

2*79 

P f 

S= ft 

2 04 

£ 

—the coefficient of friction. 

2*78 

1 1 

= „ „ of viscosity. 

2*02 

Ait ^>2 

—a coefficient. 

2*736 


cs 

2*73/ 

4' 

== ft 

2’79 

f*' 

-- 99 

207 

/< ==S/Y 

= hydraulic mean depth. 

2*80 

v =rj/m 

=kinomatical viscosity. 

233 

p =m 0 /m 0 

=:speciflo gravity of a gas, when p= 1 for air. 
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If scientific experiments with accurate instruments could be made on 
such tubes, the values could be more accurately determined and, for clean 
tubes, would be found to be somewhat less than the above. 

Conclusion 4. — The later formulae showing that £ varies with u , D, m 
(see Table 2’4), or showing that dP varies as m w ', u n , where n' is not 1*0 
and n is not 2*0, are to be preferred as being more accurate than Jbhe older 
formulae, Eq. 2’09, etc. 

Further tests are necessary to determine what are the best values of 
n' and n, and to find how these indices vary under different conditions, if 
they do vary. It should be remembered, however, that the value of w' 16 , w* 10 
which appears in the denominator of the expressions for £ lies between 1*0 
and 1*5 in practical cases, as long as u does not exceed 50 ft/sec, and there- 
fore tends to neutralise the variations in £ due to alteration in D. 

Conclusion 5. — In the equation, 

j P _ £V) n '(«) B k 
ai “~ 2*(D)« ‘ 


£' is a coefficient which can only be constant for perfectly smooth pipes. 
If a pipe is rough or has been in use a long time and has become dirty, the 
value of £' must alter, and the values of w, q also alter, as these differ 
for smooth and rough pipes. 
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CHAPTER III. 


LOSS OF PRESSURE AT FITTINGS. 

Methods of specifying loss of pressure — Determination of length equivalent to fitting — 
Lobb of head at a fitting — Table for velocity head lost at fitting — Loss at bonds of 
various curvature — Solution of problems — Theoretical basis for finding the loss 
at fittings — Notes on the references consulted. 

The purpose of this chapter is to enable the reader to allow for the 
loss of pressure in pipe fittings, such as elbows, bends, globe valves, etc., 
when solving problems of air flow. The loss of pressure at any fitting — for 
instance, at a bend— is taken as =H 1 +H 2 , where H 2 is due to the length 
of the fitting and H 2 to its type. 

Writers on this subject choose four methods of specifying the loss of 
pressure in fittings : — 

(i.) They give the length of straight pipe, L', whose resistance is equal 
to that of the fitting ; this requires a table of “ lengths of pipe ” for each 
“ type of fitting ” for each “ diameter.” 

(ii.) They give the number of diameters,” k v which must be added to 
the length of the fitting to allow for its resistance. This requires a table 
of “ number of diameters ” for each “ type of fitting.” 

(iii.) They give the “ percentage loss of velocity head,” k , at the fitting. 
This requires a table of “ percentages ” for “ each type of fitting.” In both 
(ii.) and (iii.) k x and k are assumed to be independent of the velocity and 
diameter. 

(iv.) They give the actual loss of pressure in lb/in 2 , or some other units, 
at the fitting. This requires tables giving loss of pressure ” for each 
“ type of fitting ” for each “ diameter,” and in each case the table would 
have to be given for each velocity, say 10, 20, 30 ft/sec, etc. 

To enable the reader to understand the matter more clearly, a schedule 
showing the kind of tables required in each case is attached. 



For (i. ). 

For (ii. ). 

For (iii.). 

Equivalent lengths. 

No. of diameters 
to be added. 

Per cent, of velocity 
head lost. 

Diam. 

1 in. 

Elbow, Tee, etc. 
a x a 2 etc. 

Elbow, Tee, etc. 

Elbow, Tee, etc. 

2 „ 

&i > » 

For \ 

For } 

3 „ 


any V x 2 etc. 

any V y x y 2 etc. 

4 „ 
etc v 

: : : 

diam. J 

diam. J 


06 
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For method (iv.) it would be necessary to have tables similar to (i.), 
giving the loss in lb/in 2 instead of equivalent lengths, and to have the table 
for every possible velocity, say for u= 10, 20, 30, etc. Method (iv.) then 
becomes unwieldy : if the tables for various velocities are not given, then 
the method is inaccurate. 

In the case of (i.), a rather big table is required if a great many types 
of fittings and bends arc included. 

The usual problem for engineers to solve is to find the quantity of fluid 
transmitted for a given loss of pressure down a pipe L 0 feet long containing 
various bends, valves, elbows, etc. ; or alternatively the problem is to find 
the loss of pressure when a given quantity is flowing in the pipe. Assume 
that the equivalent length of each bend is L', of each elbow is L", and of each 
valve is L"', the equivalent total length of straight pipe is then, 

L 0 +2L / +2L"+SL" / + ete,.=2L . . , (3*01) 

This length L can be used in the formula) given in Hiapter 11. 

We want to determine L', L", I/" for each fitting and for every sort of 
bend, of every sort of curvature, for any diameter of pipe. The loss of 
pressure at the fitting, say a 6-in. sluice-valve, will consist of H t due to the 
length of the valve, say 1 ft., and 11 2 due to the valve itself, that is, due to 
the edges and openings and corners, which will cause eddy currents in the 
fluid. The first loss is taken into account if L 0 includes the length of the 
fittings in the pipe. The second loss, H 2 , is taken into account by adding 
the length L" to the measured length of pipe. The length L'" will differ 
for the valve for each size of pipe, being say 7 ft. for a 6-in. pipe and 0-6 ft. 
for a 1-in. pipe. This second loss of pressure, H 2 , we shall speak of as the 
loss of pressure at the fitting. 

Definition of L r 

To assist in obtaining I/", it is useful to employ the length of pipe of 
diameter D in which the loss of pressure is just equal to the velocity head, 
thus, H=u 2 /(2g), From Eq. 2‘07 we have, 

h«d £ 

If 4£L/D = 1, then H=u 2 /(2g) (3-03) 

The length of pipe in which the whole velocity is lost is then T)/( 4£), and 
this length we call L x . Values of L x are given in Table 2‘1 and in fig. 3’1. 
Many authors state that the whole velocity head is lost in a length = 60 
diameters; this gives £=*00417, as 60D=D/(4£). 


Assumption that k is independent of u and D. 

We now assume that for any velocity, 

loss of pressure in a fitting _ , x 

loss of pressure in the length L x 

and that this is also independent of the diameter ; but we have agreed that 
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the loss of pressure in the fitting shall be the loss of pressure in L' ft. of 
pipe, so that we get, 

L'/L,=ifc, and L'=iLj . . . (3 04) 

By knowing k for each fitting, and by finding L v we can arrive at the 



Fig. 3‘1. — Length of pipe in which the velocity head is lost. 
Length=L 1 =D/(4f), using Unwin’s f. 


equivalent lengths of pipe, L', L", etc. Then we can make up a table as 
in (i.) if we wish. The actual loss of pressure at the fitting becomes, 

4 r u * 

H 2 =-jj ..... (305) 


Proportionate loss of pressure at a fitting. 

Consider now method (iii.), where the percentage or proportionate loss 
of head at the fitting is given : let this be y : the table then shows .that the 
fitting causes a loss of pressure, 


yw 2 /(2^), i.e. H =yu 2 /(g) 

Comparing this with Eq. 3’05, we get, 

4 £m* u 2 

D 2 g L ~hg ‘ ‘ 


(306) 


(3-07) 


but L'=kL!=kD/(4^), therefore 


D2 g 4 Z~ y 2g- 


(3-08) 


giving k=y ; so that the proportionate loss of velocity head is the value k 
which we seek. 
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Numerical Value of L v 

L 1= =D/(4-^) ; D is known, but £ depends on the predilection of the 
person who uses it. In Table 2*1 are given values of L x based on Unwin’s 
£, *0027(1 +-3/D). If other values are used, L t will have to be suitably- 
altered. This ambiguity in the value of £ causes the equivalent lengths 
given by various authorities to differ among themselves. Working back- 
wards from equivalent lengths, as given by any authority, we can divide 
such lengths by L 1? and so for each diameter find what k appears to be ; 
k will not be constant unless the original authority and our L x each include 
the same value of £ for any diameter. 

Method (iL). — Number of Diameters to be added. 

In this case the equivalent length of pipe is given as being equal to so 
many diameters, say ; thus 

IS =kj) (309) 

In the previous method, L' = Z;L 1 = A;D/(4£). 

Equating these values, 

*i«F/(4£) (3*10) 

Some writers give k for each fitting independent of the diameter ; other 
writers give k x for each fitting independent of the diameter ; but £ is de- 
pendent on the diameter, therefore both methods (ii.) and (iii.) cannot be 
correct. The amount of incorrectness in using either one or the other may 
be small, but the fact remains that both cannot be right. Writers using 
method (iii.) assume that a fixed value of £ for any diameter pipe may be 
chosen. For practical work, when D = 0-5, or d— 6 in., the alteration of £ 
with diameter may perhaps be neglected, and £ may be taken as 0*0040 say : 
then both k and k± may be relatively correct. 

Comparison of k and k v 

For our work in comparing these two factors, we take £=0*0040 and 
multiply k x by 0-0100 in order to get a k\ which is comparable with k ; 
in this way we can arrive at fig. 3*2. This sort of comparison is preferable 
to an attempt to compare a series of tables like (i.) : such tables could be 
drawn up for each authority by multiplying k x by D, but the law under- 
lying variations would not be recognisable. Of course, for any particular 
fitting in a particular pipe, there is no trouble in finding the equivalent 
lengths as given by each writer, and seeing how they compare. 

Loss of Pressure due to (1) Length , (2) Type of Fitting. 

Returning to the question of the loss of pressure being made up of H lf 
due to its length, and H 2 , due to its type, and considering bends. 

An example may make this clearer. Take a pipe 300 ft. long containing 
20 bends, each 1 ft. long : the loss of pressure due to 280 ft. of straight 
pipe and to 20 bends will be given by, 

Pi-P*=^^(300+20*L,) . . . (311) 
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if k refers to tlie excess loss of pressure due to the fitting, H 2 . On the 
other hand, 

p i-P 2 =D^(28°+2 () r L 1 ) . - . (312) 

if k” refers to the whole loss of pressure at the bend, viz. Hj + H 2 . The 
former equation is the proper one to use. 

Procedure for solving practical problems. 

To obtain the equivalent length of pipe for an ordinary pipe with various 
fittings, one measures the total length of the pipe = 1(0 say, and notes what 



Fio. 3' 2. — Coefficient k for the resistance of bonds of various curvature. 


fittings are included. From Table 3*1 one obtains values for k for each 
type of fitting ; for bends of various curvature one can use fig. 3‘2 if 
necessary. One finds L x from Table 2’1 or fig. 3*1. The equivalent length 
of pipe for each fitting is then £1^. 

The length of straight pipe equivalent to the actual pipe and fittings is, 
L=L 0 -|-2&L, ; this length L can be used in all the formulae and graphs 
in Chapter II., for the various calculations of flow. 
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Table 3*1. — Resistance of Fittings, Jc. 



Harding, 

A.S.H. 

Verner, 
A.S H. 

Barker, 

ltictschel. 

Brabbee, 
Z.V 1)1 . 

Laseliinger 

(Weisbach), 

Raynes, 
p. 310. 


V.E., 

19/219. 

V.E., 

20/151. 

P. 97. 

Table 

XII. 

GO/511. 

hid. Dig., 
7/493. 

Leaving boiler 


\ 2 5 / 

fo 



1*5 

| 2 a 

2-5 

Entering boiler 


/ 1 J t 

i*-5 

... 

TO 

El bow in round 
pipe 

Elbowin square 

•90 


TO 

T5 

... 


... 

1 30 


... 


2*0 

... 



jnpo 









Sharp elbow . 






2*0 

Ka 

•63 

Round elbow 7 . 
Short elbow 7 . 


•67 

... 


... 

1-0 

... 


Long elbow . 


*42 

... 

... 



... 

... 

Tee, through . 



... 


1*1 


1U 

1*87 

,, crosswise 

1 *33 


... 

i i 

1 *5 

2*6 

,, opposing 
,, square . 
Valves, globe. 


2*0 

•5- TO 


3*0 

20 

4*0 

2a 

Ha 

2*5 

1*87 

,, sluice 


*25 

0 

b 

•5 

*2 



,, angle 





4-0 

2*5 

la 

*83 

Plug cock 


... 

•1— *3 

... 


*5 


... 

Rend, 135° . 

Sharp angle. 

*30 

... 

•6 

... 

*2 




135° 

Return bend . 


TO 

•8 


... 


'la 

*94 

Bend, R=£I) 




TO 

|M 

2*0 



= ID 


•33 

... 

•25 

•30 

•29 



= V 2 V 



... 

*15 

... 

■17 



= 2D 

... 





*15 



Double bend, 

... 


*4 



... 



R = 3D . 
R/D = 4~ 8 

; 


•25 



. . • 

... 


= 9—12 



■10 



... 


... 

>12 . 



nil 


••• 

•** 

... 



For Kaynes’ see notes on liis work 

A report upon the loss of head occurring when water flows through gate and angle 
valves, etc., will be found in the University of Illinois Engineering Expt. Station , 
Bulletin No. 105, May 1918. 


Resistance of bends. 

Bends must be defined by stating (a) their curvature, (&) their angle. 
In fig. 3’4, (a) shows an ordinary 90° bend ; when R is nearly equal to D, 
it is often called an elbow : ( d ) and ( e ) show true elbows for which the 
throat radius r=0 and the centre of the bend lies at the inner corner. 

A right angle or 90° bend subtends an angle of 90° at the centre of 
the arc. 

The radius of the bend, R, is measured to the centre line of th<8 pipe. 
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Fig. 3'3. — Resistance of fittings. The length of straight pipe 
equivalent to the fitting is given. 

Table 3 ‘ 2 . — Resistance of Elbows and Globe Valves. 


Values of k for elbows and globe valves : most authorities say that 
H 2 for elbows = ^H 2 for globe valves, or 
H 2 for globe valves = 1£H 2 for elbows. 



Elbow. 

Globe valve. 

t Kempe ( Year Book , — /1043 1916) . 

Booth {Steam Pipes , p. 16) 

Hatch {Elec. World, 68/1143/1916) . 

* Martin ( Engng . 67/366/1897 . 

Hurst and Trautwine .... 

* Geipel and Kilgour (A7cr. Eng. Form., p. 614) 

* I lines ( The Fan, p. 7) .... 

* Harding {A.S.H.V. E . , 19/222/1913) 

Brabbee {Z. V.D.l . , 60/511/1916) . 

Johnston {Enq. Mag., 48/694/1915) . 

If { = *0060 

Iff =‘0040 


} * 

| 98 

•75 

•81 

•90 

1-50 
= 40 
•96 
•64 

1 23 

1*50 

1-12 

2 00 
= 60 

1*44 

•96 


* These values were obtained by dividing equivalent lengths, as given for various sizes 
of pipe, by Unwin’s L 2 (see Table 21). 

t These were obtained directly from the formula for equivalent lengths which includes 
Urwin’s value of f. 
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The throat radius, r, is measured to the inner edge of the pipe ; it is 
not such a convenient quantity to use as R. 

The radius of curvature is R/D. 

Fig. 3*4 ( g ) shows a 45° elbow ; a 45° bend would subtend an angle of 
45° at the centre of the arc, though some writers call it a 135° bend. It 
seems as if the loss of pressure in a 45° bend should be just half what the loss 
is in a 90° bend, and therefore 45° fittings need not be considered as separate 
fittings ; they can be considered as half bends of the same curvature, and 
k for a 45° bend = |& for the 90° bend. 

The loss of pressure in a bend depends on its curvature, which should 



90° Bend. 45° Bend. 45° Sharp Bend. 

(a) ( b ) (c) 



Square Elbow. Round Elbow. Elbow. 45° Elbow. 

(d) (e) (/) (, 9 ) 

Fig. 3‘4. — Bends of various types. 


always be stated, unless it exceeds 5 ; when the curvature =0-5 to 1-0, 
the bend may be considered an elbow. 

The term “ return bend ” is ambiguous, because the curvature is 
unknown ; either a close or an open return bend might be meant. 

For bends the value of k is given in fig. 3*2 as dependent on R/D. 

It can now be seen why the loss of pressure at a fitting is taken as Hi + H 2 : 
for a bend where R/D = 5-0, k= 0, so H 2 becomes 0 ; but H x remains as the 
loss of pressure in the bend due to its length, which length must be included 
in measuring up the pipe. 

Theoretical basis for finding k . 

It is well to consider the theoretical basis upon which the value of k for 
fittings may be determined. 

Consider what happens when air flows out of a container, or receiver, or 
boiler ; the initial velocity must be given at the expense of some pressure 
head. If the entrance is rounded, there will be no eddy loss, and the pressure 
will be merely used in creating the velocity, or u 2 /(2g ) ; but in most cases 
the air leaves the container through a plain pipe, and the eddy loss due to 
flow through a sharp-edged orifice also exists. This amounts to about half 
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the velocity head, so that the total pressure required is (1 +0-5)^ 2 /(2^r), 
and k= 1-5. 

In flowing into a container there would be no loss of pressure if the pipe 
gradually expanded with a diverging cone, so that the velocity gradually 
became zero ; but usually the pipe finishes with a plain end, and the whole 
velocity head is lost in eddy motion at the point of entry. Thus &=l-0 for 
an entrance. 

For a receiver or container as a whole both of these losses will usually 
exist, so that, if h refers to both entries and exits, the value will be 2-5. 

In the case of an elbow the velocity of the air in one direction is suddenly 
destroyed and the air is given a velocity in another direction, so that one 
expects a loss of pressure more than the velocity head : the value of Tc is 
doubtful, and will no doubt depend considerably upon what sort of surface 
exists at the outer side. From an inspection of fig. 3*2 it appears that for 
an elbow, or when R/D for a bend is less than 0-5, h should be greater than 
1*0 ; Busey’s curve, which goes sharply to the value of 1*0, soems to be 
incorrect. 

Fig. 3*3 shows equivalent lengths of elbows and globe valves as given by 
various authors ; the variation between authors’ values is very apparent. 

References. 

The remainder of the chapter deals in detail with the references consulted. 

Peclet (Stevenson, Hygiene , p. 07) states that for sharp bends 
&=sin 2 0u 2 /(2g), which, for 0=90°, gives A = l-0 : what is meant by a sharp 
bend is not stated. 

Harding ( Amer . Soc. Heat, and Vent. Engr., 19/219/1913) and the Norwalk 
Compressor Co. (quoted by Thorkelson, p. 176) give tables of k ± for round 
or square ducts. 

Busey (Amer. Soc. Heat, and Vent. Engr., 19/366/1913) gives a curve 
for Tc for bends of various curvature ; it is given in fig. 3*2. 

Raynes (Steam Heating , p. 310) and lnnes (The Fan , p. 6) give tables of 
“ equivalent lengths ” for various fittings : I have divided these by Unwin’s 

and put the mean value in Table 3*1. 

Martin (Engineering, 63/361/1897) quotes Hurst’s or Trautwine’s table of 
equivalent lengths for globe valves and elbows: I have divided these by 
Unwin’s L x and put the value of Tc in Table 3*1. 

Johnston (Eng. Mag., 48/694/1915) states for globe valves or the exit 
from a boiler, ^ = 60, and for an elbow, lc Y = 40. He assumes that the length 
to be added for a 6-in. pipe is 60 x £ = 30 ft. 

Kinealy ( Mech . Engr., 16/302/1905) gives a table of values of Jc v but in 
his case the diameter is in inches; so for a 6-in. pipe he gives Tc=h and 
assumes that the diameters are to be in inches. This means that Kinealy’s 
and Johnston’s figures for Tc x are entirely different, and one must notice 
whether they are to be associated with diameters in feet or inches. 

Raynes (Heating Systems, p. 310) gives equivalent lengths for various 
fittings ; some of these are plotted in fig. 3*3. The values are lower than 
those ordinarily quoted and appear to be quite arbitrary : the value of Tc. 
viz. L'/L, is not at all constant, varying from 2-26 for the J-in. pipe down 
to 0*42 for an 8-in. pipe: it seems that the equivalent lengths are too big 
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for small sizes of pipes and too small for the large sizes. I deduced the 
relative resistance of fittings for each size of pipe ; these arc fairly constant, 
and are given in Table 3*1 : if we assume that the value of k for boiler 
connections should be 2*5, then a=l*25, and the other values of k are as 
shown in the table. 

The ambiguity in description of fittings is well shown in Haynes’ table 
when it is compared with others. Haynes mentions: 

Sharp elbow or quick- curved tee, with k—a. 

Tee (with no amplification), „ fc=l \a. 

Radiator connection or square tee, ,, k=2a . 

It is perfectly obvious that investigators should describe distinctly and 
give drawings of the various fittings which are included under the various 
terms. Haynes’ angle valve must be of quite a different type to that used 
by Rietschel, the resistance relative to elbows and boiler connections being 
so different in his figures. 

Hatch (Elec. World, G8/1143/1916) gives the formula for L' for globe 
valves, elbows, and square entrances to boilers as, 

L = ^ 3^g/c/) 12 * or valves; L' = g ditto for elbows. 

These arc given in Mechanical Equipment of Buildings by Harding and 
Willard (1916) and by Keinpe (Year Book, 10*13/1916), and also by Booth 
(Steam Pipes, p. 16). Obviously they include Unwin’s value of £, and there- 
fore by equating this to Unwin’s kD/( 4£) one finds k: this has been put in 
Table 3*1. 

Innes quotes Weisbach’s equation for the loss of pressure at bends, as, 

. . (sis) 

where 6 is the angle of the bend. The values for right-angle bends I have 
plotted in fig. 3*2 : this equation is also quoted by Unwin ( Hydraulics , 
p. 171) as being in Weisbach’s Hydraulik, p. 150. 

Geipel and Kilgour (Elec. Engr. Form., p. 514) give equivalent lengths 
for elbows and globe valves : these are given in fig. 3*3. 

Brabbee (Z.V.D.I., 60/441, 511,/1916) explains fully the principles under- 
lying the design of pipework systems for water and air flow. Tables for 
the loss of pressure at various fittings for water and air are given. Values 
for air flow have been inserted in Table 3*1. 

Barker (Heating and Ventilation, p. 97 and Table XII.) gives values of k 
for various fittings : these are taken from Rietschel’s work, but the names of 
the fittings as translated from the German are not very clear. 

Laschinger (Eng. Dig., 3/489/1908) follows Weisbach in stating his 
values of k for fittings and bends. 

Archer (Trans. Amer. Soc. G.E. , 76/999/1913; and Proc. Inst . C.E . , 
193/438/1914) gives the loss of head at a sudden enlargement from area S a 
to large area Sj as, 

1-098W 1 * 919 

^-^(l-Ss/S,) 1 * 919 • 


( 314 ) 
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The tests were made with water flowing in brass pipes 1 in. to 3 in. in 
diameter, 4 ft. long ; the velocities u 2 ranged from 3*82 to 31*6 f.p.s., u x 
from 0*07 to 11 f.p.s., S 3 /S 2 from 1*45 to 9*32. Archer found that the 
distance from the enlargement to the position where the pressure was a 
maximum after the enlargement was, 

L = l*45(d 2 -d 1 )* 4 .... (3*15) 

For evaluating friction in the pipe he used Eq. 2’71. 

Taylor (Jour. Amer. Nav. Arch., 13/9/1905) discusses the effect of tapering 
and diverging pipes : he says that a 9-in. pipe expanding to a 15-in. pipe 
in a 6-ft. length gives a loss of pressure the same as in 14J ft. of 9-in. 
pipe, and that if the taper lasts for only 2 ft. the loss is the same as in 17 J ft. 
of pipe. In the case of converging pipes he found no extra loss due to the 
convergence. He quotes experiments with elbows, but the results were not 
consistent. 

The loss of pressure at receivers, including both the entrances and 
exits, was measured by Eiedler in the compressed-air mains in Paris, as 
mentioned by Unwin (Development and Transmission of Power , p. 219): 
it came out as -00003jt?w 2 , p being 100 lb/in 2 . w 

Banki (Z.V.D.I., 57/17/1913) deals both theoretically and experimentally 
with the question of the distribution of pressure and velocity in water 
flowing round bends : the paper is well illustrated with photos showing 
the currents in the water. 

Wirt (Gen. Elec. Rev., 30/286/1927) shows that the resistance of bends, 
especially those of large size, can be reduced by introducing one or more 
vanes in the bend to alter the “ aspect ratio ” of the bend. He made tests 
to find out the best bend to use for ventilating a 90,000 kW plant when 
the elbow was 8 ft. high and of 3 ft. diameter. When using large ventila- 
tion pipes of rectangular section, one very important factor in connection 
with bends is the “ aspect ratio ” mentioned above. This is the ratio of 
depth V to width of channel, say e. Assume we have two hollow cylindrical 
rings, axes vertical, with an inner radius of K— a, =3 in., and an outer 
radius R-f«, =6 in. The difference between the radii is 3 in., =e, =2 a, 
=D in fig. 3*5. Now let the depth of the cylinder, V, in one case be 30 in., 
and in another case be small, only 1 in. The aspect ratio is the ratio 
V/e ; hence in the first case it is 30/3, =10, and in the second case it equals 
1/3, =-33, and is small. The aspect ratio must not be confounded with 
the sharpness of bend, or radius of curvature, which is R/e, or R/2a, or R/D. 
The bigger the aspect ratio, the less will be the loss of head at a bend, 
therefore it is desirable to reduce e ; in the second case, that of the very 
flat disc with a hole in the centre, the resistance may be reduced by putting 
thin vanes at R=5 in. and R=4 in., and dividing up the channel into three 
areas each 1 in. wide, with aspect ratios of 1/1 for each area. 

If one considers a big bend in a 24-in. wide by 12-in. deep ventilating 
pipe going round a 3-ft. curve and keeping 12 in. deep, with R+a=4 ft., 
and R— a=2 ft., the loss of pressure at the bend can be reduced by putting 
a vane 12 in. deep in the centre at the 3-ft. radius. The channels each side 
of the vane will both have aspect ratios of 12/12, instead of one having 
an aspect ratio of 12/24. Fig. 3*5 shows how the loss of pressure at the 
bend depends upon the aspect ratio. 
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Wirt shows clearly that a square corner is better than a rounded one, 
and that with a square corner it is advisable to introduce some vanes so 
as to divide up the channel into smaller channels, each with a big aspect 
ratio. It is also better to have a piece of straight pipe following the elbow 
than to let the elbow discharge straight into the atmosphere. Figures for 
the percentage loss of u 2 j(2g ) at bends are as follows : — 


Without pipe 
With pipe 


Square elbow 

Square 

Round 

with vanes. 

elbow. 

elbow. 

22 

136 

154 

22 

90 

103. 



V/e= aspect ratio. 

Fio. 3*5. — Showing how loss of pressure at bend or elbow depends on 
“ aspect ratio.’* 

The addition of the straight length of pipe reduces the loss at the bend by 
about 30 per cent. The flow of air with u up to 1000 ft/s was tested in an 
8-in. pipe at the end of which was the elbow under test, followed by a length of 
pipe, or not, as required ; the pressure of the air at the exit was atmospheric. 

Lahoussay (Rev. Indust. Min., 6/513/1927) gives the length of pipe 
which gives a loss of pressure equal to that of the fitting ; these ^lengths 
we denote by L*. It is seen that there is a definite relationship between 
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the values of 1/ for the various items. Wo call the ratio of 1/ for a fitting 
to 1/ for the angle tee, “a.” Then we evaluate for each diameter, 
using Unwin’s f, and evaluate k for the angle tee. 



Equivalent length of straight pipe. 

When diameter — 

a 

25 

50 

75 

100 

200 

300 mm. 

Bend 

0-10 

0*2 

0*4 

0*7 

1*0 

2*4 

4*0 

Sluice valve 

<>•15 

0-3 

0*7 

M 

1*5 

3*6 

6*0 

Cone 

0*125 

0*5 

10 

1*7 

2*5 

6*0 

i «-o 

Anglo toe . 

1*0 

2*0 

4*0 

7*0 

10*0 

24*0 

40*0 

Anglo valve 

1-5 

3*0 

7*0 

110 

150 

3(H) 

00*0 

D/(4£)=L, - 

•• 

0*50 

1*04 

3*14 

4*83 

12*7 

21*3 

for too 

•• 

40 

2*44 

2*22 

2*07 

1*89 

1-88 


Comparing these figures with Table 31 the values of /*, except 4*0, seem 
reasonable. 

Hinderks (Z.V.D.J., 71/1779/1927) gives photographs of turbulent flow 
in bends of radius 145 nun made of square pipe 45x45 mm, and in a 90°- 
elbow of the same pipe. Wirt shows similar photographs. 
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CHAPTEJl III.— SYMBOLS USED. 


Equation. 

Symbol. 

Meaning. 

.3*02 

D 

—diameter in foot or metres. 

. . 

d 

= „ in inches or mm. 

3*02 

<J 

— gravitational constant. 

3*02 

n 

— loss of pressure in feet or metres of fluid 

. . 

Hi 

— „ „ in fitting due to length. 

3or> 

H a 

= „ „ to type. 

304 

k 

= proportion of velocity head lost at the fitting, 
due to its type. 

3*12 

k" 

—proportion of velocity head lost at the fitting, 
due to its type and its length. 

3 09 

—L'fD 

=number of diameters in equivalent length. 

3*10 

V -4 

— a coefficient like 1c deduced from k v 

3 01 

L 

—total equi valent length of straight pipe. 

3*01 

L o 

=the measured length of the pipe. 

3 03 

Li -D/(40 

—the length of straight pipe in which all the 
velocity head is lost. 

3*01 

L', 

= equivalent length of fittings. 

311 

m 

= density. 

.. 

R 

ss radius of bend to centre lino. 

. . 

r 

= „ to inner odgo. 

3*14 

Si 

—area of the largo pipe. 

3 14 

s. 

= „ , small „ 

3*02 

u 

=■ velocity. 

3*07 

y 

= proportion of velocity head loss at the fitting 

302 

C 

=ooofliciont of friction. 

313 

0 

= angle of bend, at centre of the arc. 




CHAPTER IV. 


PNEUMATIC TUBE PROBLEMS. 


Unwin’s equations of flow — Summary of formulae for quantities, etc. — Derivation of 
graphs — Effect of altering amount of working pressure — Method of increasing 
carrier speed — Looping tubes — Use of extra blowers — Increase in transit time — 
Graphs to use in problems — Effect of inaccurate observations — Quantities flowing 
in house tubes — Loss of pressure in service pipes — Use of two pipes instead of one 
of equal area — Determination of tho most economical Bervico pipe — Table 4‘2, 
work dono in compressing air. 


A. Unwin’s equations of flow. 

These equations include the assumption that the flow is isothermal : in 
practice this is slightly incorrect, but isothermal expansion gives the best 
conditions for pneumatic tubes, where flow at a high velocity is wanted. 
If the expansion of air in the tube is not isothermal the velocity will be 
reduoed, the transit time increased, and the quantity of flow reduced. The 
equations when the flow follows other laws are given in Chapter V. 

The effects of altering the conditions of working can be studied from the 
curves in fig. 4'1, which refer to isothermal flow. Fig. 5*1 gives the curves 
of non-isothermal flow. 

The theory is as follows (Unwin, Hydraulics , p. 222). It is also given 
by Church, Innes, and Johnson. 

At any point in the pipe line the fall of pressure, dP, in the length dL, 
must counterbalance the friction of the air in the length dL, and also account 
for the acceleration of the air. Consider now a unit quantity of air, 1 lb., 
which is flowing, the kinetic energy of which is u 2 /(2g). 

The equation of flow is, 

- dp -t + S dL • ■ • • <4oi) 

Mv=S u as the flow is constant and steady. 

Pv=CT as the flow is isothermal. 

Pw=(CT/S)M, which is a constant. 

•\ 'Pdu— — wdP. 


CT du udu u 2 
- u ~2g~ l 2gD 

2,<J£dH_du_it £dL_dL 
w® w~D < 1Jj ~ n ~ L t ' 
L l =I>/(40 is given in Table 21 and fig. S‘1. 
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(4 02) 


(4 03) 
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Integrating Eq. 4 '03, 



-log e M 



(4-04) 


Bringing this into the form with pressures, and putting P=P X , when L=0 
we get the equation, 


ffCTSWn . Px_L 
(CTM) 2 fccp - Ll 


(4-05) 


This equation does not give us pressures at once, as it includes the term M, 
the quantity which is yet unknown, but which is, 


r (P,* -p 2 *).?s 2 l* 

M i. 0T{ LJLi 4 log, (P]/ P 2 ) } • * • ( ) 


Neglecting the log term, which is less than 1 per cent, of L/L,, we get, 

(Pi^P** 

^ 4C 


M2_ 1 P 2 2 V/S 2 D __ u 

“4 “* i t irn — — . b — 


L„(T' 


*9 D 5 (1- 

64^ Xl LoCT 


(4-07) 


We can insert the value of M in the general equation and get for the 
pressure at any point in the tube, 


(iy-T> 2 )_L 

(p^-ivri; 


(4-08) 


This means that the square of the pressure falls in accordance with a straight- 
line law from one end of the tube to the other. For velocities we have, 


gCTLx (P x »— P) 

V ^ 


To find tlio transit time wo integrate dL/w having the equation, 


A+ 


ffCT , , 

V+ lo &«=- 


L 

Li 


(409) 


in which we neglect the log term and get 2yCTrfw/w 8 =dL/L 1 . 



2g t'TLx 

3m® 


The transit time is, 


(410) 


t- 


2gCTL x | 1 1 1V8/4^J V/ 2 (Pi*-P* 8 ) 

3 Lax 3 «,«J“ 3 \D/ (2</CT)» (Pi^-P**) 37 * 

\2gCTLi)i‘ 860 Eq ' 6 09 


(411) 

(412) 


Values of F4 are given in fig. 5*2, and of L*,^ 2 in fig. 4 4, and of L x in fig. 3*1 : 
(2^CT)» = 1335 ; (</CT)*=945, for air at P 0 , T 0 =60° F. 

Before discussing the different conditions of working, it is well to notice 
the assumptions which have been made. 

1. We assume that the temperature is constant, which is not quite true. 
At any one point in the tube, when the flow T is steady the temperature will 
be constant and the same as that of the tube, pipe, and ground at that point ; 
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otherwise heat would be flowing continually into or out of the surrounding 
ground or fittings from the tube. But generally in pneumatic tubes the 
temperature at the inlet will be higher than the temperature at the outlet, 
the inlet temperature being, say, 60° F. to 80° F. (15°-27° C.), while the outlet 
temperature may be 40° F. to 60° F. (10°-15° 0.). The variation in the 
specific volume of the air due to a 20° F. (11° C.) difference will be 4 per 
cent. ; therefore the velocities may be this much too big or too small. 

In the case of compressed-air lines, where high-pressure air is transmitted 
at a slow velocity through long lengths of pipe without much loss of pressure, 
the range of temperature variation will be very small, and may be exceeded 
by the difference of atmospheric temperature at the ends of the pipe. 

2. We assume that the log term is negligible : the physical reason of 
this is that the pressure required to accelerate the air is a few inches of 
water gauge only, whereas the pressure required to overcome the friction of 
the tube amounts to some lb/in 2 . The velocity head when w = 20 ft/sec 
is only 0-10 in. water (2-5 mm), and even with a velocity of 60 ft/sec 
this head is only 0-90 in. for air at atmospheric pressure. 

3. We assume that the initial and final pressures are constant : this is 
quite unlike the conditions in ordinary practice, where the pressures in the 
connection boxes and containers vary continually. 

4. We assume that the coefficient of friction, £, depends upon the dia- 
meter of the tube only. This is not quite true, as has already been shown 
in Chapter II. ; but the variation due to velocity and to density has been 
neglected for the sake of simplification. 


B. Summary of general equations and derivation of graphs. 

We now summarise the equations in a form convenient for calculation ; 
see Table 2*1. L 1 = D/(4^) ; see fig. 3*1. 


pv 2 ? (lY-P, 2 )!* Try/i- 1 ’ P * } T 

L 4£ L 0 CT J L (OTL 0 ) J 


u— 


^0 

r S'CTLj (P^-P,*)-]* 
IK P 2 J 


Initial velocity, w 1 =('/UT W L o) ! (l KJK) k M4) 
Final velocity, u 2 =(grCT LJKM)?- l)i=(grCT L JK) l fM) ■ 
r=P 1 [l-(L/L 0 )(l-^)]l . . . . 

V^PtP,’) _ V ' 2 ,,,, 

3(3CTL 1 )i(P 1 *-r.2) 3/2 “toCTL l )» /4W 

Minimum transit time when <f>=0 is, 

0-941L 0 3 «(y0TL 1 )-i . 


(413) 

(414) 

(415) 

(416) 

(417) 

(418) 


(419) 


Values of the functions will be found in Table 2'1 and in fig. 3'1 and 4'4. 

The functions of the pressures which enter into the equations for ordinary 
pneumatic-tube working where one end of the tube is at atmospheric 
pressure, 14-7 lb/in 2 , are shown in fig. 4'1 and 4‘2. 

In order to make comparisons of pressure and vacuum workingf and to 
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make calculations easily, using gauge pressures instead of absolute pressures, 
we make the substitutions, 

p 1 =p {) (l + a) for pressure 
p 2 =]>o(l —b) for vacuum. 



Fio. 4’ I. — Pneumatic tubes : functions giving tho quantities of air used, velocities of 
air, and transit timos. gives quantity; f t gives initial velocity; / 8 gives final 
velocity ; / 4 gives transit time 


a and b are the ratios of the working gauge pressure to atmospheric pressure. 
Wo then find in terms of a and b, 

The quantity function, f v 
The velocity functions, / 2 and / 3 . 

The transit time functions, / 4 . 

When the function has a dash ', it refers to vacuum. 

The values are given in fig. 4*1 with a or b as abscissae ; the straight line 
is the line of gauge pressures. Suppose one is working at 7*5 lb/in a and 
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requires f v / 2 , etc., take 7-5 on the left-hand scale and see where the 7-5 
line cuts the thick black line ; the vertical through this gives the various 
functions where it cuts f v f 2 , etc. Fig. 41 is not so much for use in particular 
cases as for general comparisons : one secs how the quantity used increases 
indefinitely with the pressure curve /j; how it lises to a maximum for 
vacuum, curve // ; how slowly transit time decreases as the pressure is 
increased when a exceeds O50, curve / 4 ; and so on. The geiferal com- 
parisons shown in fig. 4*1 will hold even if the laws of flow are slightly 
modified, that is, if Fritzsche’s or some other equations more nearly 



Fig. 4*2. — Pneumatic tubes : transit times and quantities of air used, for 
tubes woikod at low pressures. 

Transit time function is F4 of Eq. 6 0 9=/ 4 ,//. 

Quantity function is from Eq. 4 13 — JvJi* 


represent the truth. Until such a law is definitely established, the curves 
in fig. 4*1 will prove useful. 

The functions of P lf P 2 or of ^=P 2 /P 1 , in terms of a and 6, the ratio of 
the gauge pressures to atmosphere, are : 


Function. Pressure working. 

r*o+ aV 0 

p 2== p 0 

fMb (iY-iY)‘=r () [(2 1 «)«]* 

Mb l-(r 2 /Pi) 2 =[(2 I a)n]l/(l+a) 

Mb 0VP 2 ) 2 -1 = [(2 l«)«]‘ 

Pi 3 -?* 3 _ V8 (3 -t 3a I «*) 
Mb (P^-P [a(2+a)] 3 / 2 


Vacuum working. 

Pi=p„ 

p 2 =p 0 -&p 0 

/ l '=P„[(2 b)b]i 

/.'=[( 2-W 

fz 1(2 b)b]i/(l-b) 
V8 (3-_3 bjb*) 
Ji ~ 3 [ 6 ( 2 -&)]*« 


(4-20) 
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Using the graphs in fig. 4*1, the theoretical values of quantities can be 
obtained when the coefficient of friction, lengths, and temperatures are 
chosen. The quantities of air flowing in tubes when the initial pressure is 
10 1 b /in 2 and the final pressure is atmospheric are given here for general 
information, so that the reader may realise the amount of air involved in 
tube work. 

Table 4*1. 


For 2}-in. tubes worked at 10 lb/in 2 we have : 


L, length in feet 

. 1000 

2000 

3000 

6000 

9000 

M, Ib/sec . 

. -2-25 

•169 

•130 

•092 

•0752 

60Q, cu. ft /min . 

177 

125 

102 

72 

59 

For 24-in. house tub3S wmke 

il at 1 lb/in‘“ we have 

: 




L, Ib/sec . 

. 300 

400 

500 

600 

700 

M, lb/sec . 

. ’114 

•097 

*087 

*079 

•073 

60Q, cu. ft /min . 

89 

76 

68 

62 

57 

For a 60-mm tube, ’00681 

, worked at 0*7 kg/cm 2 : 




L. length in metres . . 3<>0 

600 

1000 

2000 

4000 

M, kg/see 

. ’113 

•080 

•062 

•0438 

•031 

60Q, cu. metres/sec 

. 5*63 

4-0 

3*1 

2*19 

155 

For a 0C-mm tube, worked at 0*070 kg cm 2 : 





L . 

100 

150 

200 

250 

300 

M . 

. . *054 

■0142 

*0384 

*0342 

•0313 

flOQ . 

. 27 

2*21 

1 ‘92 

1 71 

1 57 


C. Effect of altering conditions. 

We Rliall now consider various conditions of working, using the graphs 
in fig. 4‘1. As regards transit time, it will be seen that this is always less 
with vacuum than with pressure for the same effective difference of pressure, 
Pj — P 2 , in the tube. One can also see what pressure gives the same transit 
time as any particular vacuum, by comparing curves / 4 and / 4 \ 

The minimum possible transit time is found when a tube is worked at 
absolute vacuum, P 2 -=(), or by using infinite pressure, Pj= infinity. This 
minimum time is, 

(2L)™~ 1 4n*_0 ‘Ml L 3 ' 2 

3 f/CT 1) “ 945 L x * * # * (421 > 

This becomes 45 sec. for a tube 3000 ft. long, the average velocity in the 
tube being 67 ft. per sec. 

As regards quantities, using curves f x and //, it will be seen that there is 
a limit to the quantity of air which can be used when working with vacuum. 
The quantity used with vacuum is always less than that used, when working 
with the same amount of pressure. With pressure the quantity of air used 
can be increased indefinitely as the pressure is increased. 

As regards the cost of working under the various condit ions, with different 
tubes the question of the pressures or vacuum maintained in the common 
connection boxes and in the tubes arises ; this is dealt with in Chapter XIII. 
When working continuously at one particular pressure, the quantities 
circulating in the same length of lj-in., 2|-in., 3-in. tubes will be as 1, 2J. 
5 1 appAximately. In practice, the loads due to the various-sized tubes 
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will not be quite in this ratio, because the shorter tubes are usually of 
smaller diameter than the long tubes; and the quantity function includes 
the factor (1/L)*, which is smallest for the longest tubes. 

D. Methods of increasing the speed of carriers. 

Considering two tubes of the same length, one worked “ Di*wn ” and 
one worked “ Up,’’ botli of which require to be speeded up, so as to carry 
more traflic. It has often been suggested that the working would be im- 
proved if the ends of the tube at the out-oflicc were connected: by doing 



Fio. 4*3. — Function for giving the quantities of air circulating in looped 
tubes : using English units. Tlio ligurcs on tho curves give tho 
final pressure in lb/in 2 gauge. The function is (1\ 2 — IV)*, 

P in lb/ft 2 . 

this the kinetic energy of the air (say M' lb.) flowing out of the “ Down ” 
tube is used to create the kinetic energy of the air (say M" lb.) entering the 
“ Up ” tube ; but the kinetic energy is so small that it may easily be less 
than the energy required to overcome the friction of the pipes and fittings 
which are necessary to loop the tubes. 

We shall investigate the effect of looping, because it does speed up the 
“ Up ” tube. Consider the quantities M' and M", 

The quantity flowing in the “ Down” tube is, M'=/j (constant) 

The quantity flowing iri the “ Up ” tube is, M"=// (constant). 

If the tubes are looped, M' = M" ; if the working pressure on the “ Down ” 
tube exceeds 6 lb/in 2 ,/! exceeds 1-0 ; but under no circumstances can f x ' for 
vacuum exceed 1-0; see fig. 4*1. Thus the quantity of air circulating in 
the “ Down ” tube when the working pressure Pi—po > 6 lb/in 1 always 
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exceeds the quantity circulating in the similar “ Up ” tube, as long as the 
tubes arc not looped. In the British Post Office tube 8} T stems the working 
pressure for “ Down ” tubes is about 6 to 10 lb/in 2 ; therefore, when the 
tubes are looped, the quantity flowing in the “ Down ” tube is reduced and 
the quantity in the “ Up ” tube is increased ; the speed of the one is reduced 
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pm 



5.000 10,000 20,000 50 000 

Length. L. Feet or Metres 

Fio. 4*4 — Functions of L for uso in finding transit time. 

and the speed of the other is increased. Looping tubes thus gives increased 
speed on the kt Up ” tube at the expense of the “ Down ” tube. 

It may be possible to get this increased speed on the “ Up ” tube without 
any disadvantage to the “ Down ” tube, by increasing the vacuum at the 
Head Office. There is a real gain in speed for increases in the vacuum 
until the vacuum reaches 10 lb/in 2 ; after that the gain in speed is 
inappreciable : the transit time factors depending on the vacuum are : 

// =1*07 H4 H95 1-28 1-38 1-52 

lb/in 8 , vac. 11 10 9 8 7 6 

The telocity in the “ Down” tube may be increased along with that in 


Va/ue of 
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the “ Up ” tube when the tubes are looped if the pressure of working is 
increased. But it is useless to increase the pressure Pi beyond the point 
where the ratio of the initial to final pressure, p,/p 0 or exceeds 4 or 6, or 
j> goes below 0-25-0-20, as the increase in transit time then becomes 
inappreciable. 

To increase the speed on the M Down ” tube one has to increase the 
ratio of the initial to final pressure : this may be done by reducing the 
absolute pressure p 0 at the out-office. Supposing the initial pressure at 
the Head Office is 12 lb/in 2 , but that a blower giving a vacuum of 1 or ^2 
lb/in 2 is placed at the out-office, the transit-time factor / 4 becomes 1-31 
instead of 1-42. This same improvement could have been obtained by 
increasing the pressure at the Head Office to 16 lb/in 2 . The cost ^ of 
increasing the pressure to 16 lb/in 2 for all the tubes at the Head Office 
may exceed the cost of blowers for the long tubes only : so that, if there are 
only one or two long tubes requiring speeding up, it is quite likely that the 
most economical way of increasing the speed will be to place a blower in 
the out-office at the end of the ‘ k Down ” tube. A much greater improve- 
ment of speed would be obtained by placing a vacuum puinp giving 7 lb/in* 
at the out-office, but the cost would usually be prohibitive.^ 

The same amount of improvement cannot be gained on “ Up ” tubes by 
using a blower to give pressure 2 lb/in 2 at the out-office, because the 
increase in ^ gives only a slight decrease in the transit-time factor; thus : 


“Down” tubes 
@ 10 lb/in 2 


c Up ” tubes 
@ 7 lb/in 2 


tubes. 


With blower at) 
out-office J 


With blower at \ 
out-office I 





Transit 

function, 

Increase 

in/,. 

Pi 

24-7 

= 1-68 

1-54 


Pa 

14-7 



Pi 

24-7 

1 2-7 * 

- 1 *95 

1-37 

12% 

Po_ 

_14*7_ 

= 1-92 

1-38 


Vo-q 

7-7 “ 




_Po±l 

Po-q 

16-7 
~~ 7-7 

= 217 

1-30 

6% 

better 

in the 

case of 

the “ 

Down ” 


E. Question of looping tubes : Increase in total transit time. 

Considering two similar tubes, length L, worked at pressure p and 
vacuum — q. It will be shown that when these tubes are looped so as to 
form one tube of length 2L, worked with p and — q, then the sum of the 
new transit times is greater than the sum of the former transit times ; so 
that the gain on the “ Up ” tube is more than counterbalanced by the loss 
on the “ Down ” tube : provided that the pressure p is greater than 6 lb/in*. 
The reason is easily explicable (see fig. 4’5). 

The transit times in the first case are, 

*=/ 4 L 3 / 2 , and $'=/ 4 'L 3 ^. 

The effect of looping the tubes is to shift the point of atmospheric*pressuie 



86 


FLOW AND MEASUREMENT OF AIR AND GASES. 


beyond half way, say to a distance a feet beyond the middle point, so that 
the new lengths are L-f a and L — a, in each of which lengths the same ter- 
minal pressures exist as did previously, therefore / 4 and f 4 ' are the same as 
before. The total tube transit time under the new conditions becomes, 

H- i a) 3 / 2 | / 4 '(L — a) 3 / 2 . . . (4^) 

This function is a minimum when <*■=■ 0, as long as / 4 is equal to or 
greater than / 4 \ If/ 4 is less than / 4 ', then the minimum occurs when 


/L— a\* = / 4 
\L | a) // 


(4*23) 


The question arises as to whether it is worth while increasing the pressure 
of working at the Head Oflioc after looping the tubes : it is worth while 
until a pressure of about 15 lb/in 2 is reached ; after that, a more satis- 



Fia. 4*5. — Thoory of looped tubes. P 0 = atmospheric pressure. 


factory procedure is to increase the vacuum. If the vacuum at first was 
6 lb/in 2 (p 2 = 8-7), and the pressure 15 lb/in 2 , the transit factor would be 
1-52 : by increasing the vacuum to 8 or to 9 lb/in 2 this factor falls to 1-28 
and 1-20 respectively ; to get the same diminution by increasing pressure, 
it would have to be increased to 20>9 and 24-7 lb/in 2 respectively, with 
6 lb/in 2 vacuum at the other end. High pressures are disadvantageous, 
because the tubes tend to become filled with water and oil from the pumps, 
during the cooling of the hot air. 

The point at which the pressure in a looped tube should be atmospheric 
is easily found. The quantity circulating in the tube depends upon 
[(P* 2 — P 0 2 )/L]* : we must have then, 

L I a P 2 - P 2 _ __ _ ^ 

IT^a^Pj, 2 — P 2 2 * and P i’ P 2 are known . (4*24) 

Tubes may be speeded up by placing extra plant at an intermediate 
point and so boost up the tube. Consider a simple case, when such plant 
provides the same pressure as exists at the Head Office, so that in the new 
conditions we have pressure p, working on two lengths £L, instead of 
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working on length L ; the other ends being open to atmosphere. The total 
transit time in the new conditions would be 71 per cent, of the former transit 
time: the actual gain will be less, because the transhipment of the carriers 
from one tube to another at the intermediate office will take time. The 
quantity of energy used in the second case will be 2\/2 times that used in 
the first case. The proof is as follows : — The quantity of air circulating is 
const./L* in the first case, and is 2(const.)/(|L)* in the second cise ; the 
constant is the same in both cases, as the terminal pressures are not altered. 

In the case of transit times, the transit time at first is/ 4 L 3 / 2 — t x \ in the 
second case the time for each half of the tube is / 4 (|L) 3 ^ 2 =f 2 i and the total 
time becomes 2/ 2 : the ratio of these is 1/(2)1=071. 

Curves to use in calculations. — When solving tube problems one 
should carefully notice the factors which are given, in order to see which 
are the most suitable formulae and graphs to use. 

Working with open ends, where the pressure is atmospheric— or 14-7 
lb/in 2 , — the graphs in fig. 41 and 4’2 arc suitable: these are also useful 
in comparing vacuum with pressure working. 

If one is working with a tube neither end of which is at atmospheric 
pressure, then fig. 4'3, 5*1, and 5’2 will be useful. The factors entering 
into the equations are functions of <£ — P 2 / V l : fig. 5*2 gives the factor 
entering into the transit time equation ; it is worth noticing how little this 
factor decreases when <f> becomes less than 0-20. The quantity function for 
looped pneumatic tubes can be found at once from fig. 4’3, without calculat- 
ing the value of <£. 

Effect of inaccurate observations, etc.— The effect of using values of 
temperature, coefficient of friction, diameter, inaccurate to an extent 
z per cent., is to alter transit times generally by \z per cent., as the factors 
enter into the transit equation as [£/(TD)]l. 

The alterations to the transit time are in the direction one would expect, 
namely, if the temperature is increased, the velocity of flow will increase ; 
if the friction is increased, the velocity will be reduced ; if the diameter is 
increased, the velocity will be increased. 

The quantity flowing contains a [D 5 /(T£)]1 factor ; this decreases as 
the temperature rises, or the friction increases. If the diameter increases, 
the quantity increases at a greater rate than D 2 . If a tube is much greater 
than the supposed or nominal diameter, it will take a much greater quantity 
of air than is expected. If a 2£-in. tube is actually -fa in. more than 2|-in. 
in diameter, 2 per cent, more air will be used than in a true 2J-in. tube. 

The length of the tube, L, is the factor which is most likely to be 
inaccurate, and this enters into the transit function as L 3 / 2 . 

Question of theory and practice. — It is little use testing the transit 
time of carriers to prove if the theory concerning the flow of air in tubes 
is correct, because there is slip between the carriers and the air ; theory 
gives the air transit time. In order to make really satisfactory tests, 
the quantity should be measured, and also the pressures along the tube, 
if this is practicable. But, even then, one has to assume a value for the 
coefficient of friction, and this is known to a much less degree of accuracy 
than the other factors. 

A modification to the air transit formula will usually give an equation 
for the transit times of carriers which will be true for new carriers, but the 
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percentage accuracy obtainable will not be much above 5 per cent. This 
question is dealt with in more detail in Chapter VI. 


F. Some common problems in tube work. 

Quantities of air flowing in pneumatic house tubes.— For continuous 
flow of air in tubes where the variation in density may be neglected, 
the approximate flow equations can be used. Taking Unwin’s value of £, 
the flow in 1 J-in., 2|-in., 3-in. tubes is as shown in fig. 2*6 : the cubic feet of 
air are measured at 60° F. and atmospheric pressure. The quantities are 



Gauge pressure, lb /in*. 

Fio. 4*6. — Comparison of transit times and quantities flowing in pneumatic tubes, 2 in., 

3 in., 4 in. in diameter. 

Transit timo=T'L 32 (10)“ 6 , L being in ft. 


only approximate, but serve to show the size of blowers required to work 
the tubes. These curves are obtained from Ftp 4‘25, 


, «»//#( 1 ! -3/l>)100 
h 7840001) 5 


or 


s-T’tlioo 


V 

Fig. 4‘6 Bhows some comparisons for 2-in., 3-in., 4-in. tubes. 
We find the loss of pressure in service pipes thus : 

„ a . nn . 32£M 2 L1728 

Eq. 2 09o gives, Pl -p t = . . . 

If 5=0*00295(1 +-3/D), Martin's value, then 

0-513M*L (rf 1-3 6) _0*513M 2 L /(if) 
m d" m 


Pl~P2 = 


(425) 


(4*26) 


(427) 


We get for pneumatic-tube work when moderate pressures are used : 

with p=12 lb/in 2 gauge pressure and T=C0° F., m=0*]335 
with p= 7 lb/in 2 gauge vacuum and T = 60° F., m =0-0356 
with pressure working : per 100 ft. straight pipe, p x — p 2 -- 384 M *J(d) 
vfith vacuum working : per 100 ft. straight pipe, ^“^=1440 M *f(d). 
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384 (-36) 1*88 


1000 
1440 (-16) 1*88 

iooo 


pressure, 


vacuum, 


Values of f(d) are given in Table 2*1. The size of the service depends 
upon the number of tubes to be served : as an example we can assume 
there are six 2J-in. tubes being worked 
continuously, and that they each take 
4 lb. of air a minute when worked 
by vacuum (M 2 =0*16), or 6 lb. of air 
per minute when worked by pressure 
(M 2 =0'36), and that in either case a 
4-in. pipe serves them. The loss of 
pressure in the pipe will be, 



giving 0*256 and 0*433 3b/in 2 per 100 ft. 

It will be seen that the loss is much 
greater with the vacuum, even though 
the quantity is much less. 

Effect of two pipes instead of one 
of equivalent area. — We assume that 
the combined area of the two pipes is 
S / = J w / 2 =i 7 r(f/') 2 , d' being the diameter of the single large pipe, and d 
being the diameter of the two small pipes ; then d' = \/2</. We want to 
evaluate the ratio of the loss of pressure in these two cases, viz., 


Gauge pressure, lb/in 2 . 

Fig. 4*7 — Pneumatic tubes : work re- 
quired when using various pressures ; 
function /jVV. 


(Pi— p 2 ), for sending J.M down a pipe d 
jTfor Bending M down a pipe d 

0*51 3M 2 (r/-f 3*6) 

, rt4 d* 


(428) 


The ratio becomes 


, , 0-513M 2 (^/2d f 3-6) 

P* -A KVa df 

2d f 7-2 
(1-414J+3-6) 


(4 29) 


This varies from 0*50 to 0-G60 as the diameter of the small pip© d 
increases from 0 up to 12 inches : values of the ratio based on Martin’s or 
Unwin’s value of £ are given in Table 2’1 ; this is the loss for a single pipe 
as compared with the loss for the two pipes ; obviously it is much better 
to use a single pipe where possible, rather than two pipes of equivalent area. 
In general terms, the ratio is 1 V/^i* where 


Lj is the “ equivalent length of pipe 

bj 99 99 99 


for the diameter d, and 

d'. 


Values of L, are given in Table 21, so that the ratio can easily be found 
when Unwin’s value of £ is to be used. 
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G. Determination of the size of service pipe. 

The question of what size of service should he used to connect the receiver 
or container and the apparatus requiring the supply of air may be decided 
by rule of thumb or by existing practice ; but it deserves scientific treat- 
ment. The problem is to instal a pipe which will deliver the required amount 
of air o^gas without excessive loss of pressure and without excessive cost. 
The bigger the service pipe, the less will be the loss of pressure therein, 
and the smaller will be the pressure in the container to produce the required 
pressure at the apparatus ; but as the diameter of the service pipe is 
increased the cost of the installation and the annual charges thereon are 
increased : the most economical size of pipe to instal is one for which these 
two effects balance and least cost is obtained. The condition underlying 
the problem is that the pressure at the end of the service pipe is constant, 
depending upon what use is made of the air. If a small pipe is used, the 
pressure at which the air is delivered by the compressor will have to be 
greater than if a big service is used, and the whole quantity of air used will 
have to be compressed to this greater pressure. Whether the extra cost 
for higher compression is less than the extra cost for a larger pipe has to 
be investigated. 

The factors which are known before one proceeds to tackle the problem 
are : 

M =the lb. of air, or gas, per second : averaged over a year. 

M # = the lb. of air used by the apparatus, including leakage, per year. 

The connection between M and M' depends upon how long each 
day the apparatus is worked. 

m=the density of the air, lb/ft 3 , in the service pipe. 

/=tlic overall efficiency of the pump 

work of isothermal compression per lb. of air 
watts input to the motors per lb. of air 

W=isothermal work per lb. of air to compress air to the container 
pressure, p, in ft. -lb. See Table 4*2, fig. 4’8. 
dW/dp=the increase in W for a 1-lb. rise of pressure, to p + 1. 

a' = the cost of current in pence per unit, or per 2*65 x 10° ft.-lb. 

L=the length of the service pipe in feet. 

d=the diameter of the pipe in inches : which is to be determined. 

As regards the cost of the installation, the cost of supplying and erecting 
the various sizes of pipes which might be suitable must be known to the 
person dealing with the problem, and will be, say, B-f Ad per ft. run : the 
variation in cost as the diameter is increased must therefore be known. 
The difference in cost of a pipe of diameter d and one of diameter d -f 1 is 
then known, and is taken as A : for instance, assuming that the cost of a 
4-in. pipe will be 5s. per ft. run, and the cost of a 5-in. pipe will be 6s. 6d., 
then the value of A is 18 pence. 1 The cost of interest on capital and deprecia- 
tion must be known : this is called r, which will be about 5 ° 0 -J 5 =0*10. 

The capital charges per year on any pipe per unit length then become, 

C" = r(B + Ad) .... (4’29o) 

1 Tlho costs have altered sinoo this was written : these figures are only given as an 
example. 
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Now taking an example : if a vacuum of 6 lb/in 2 must be maintained 
in the connection box to work the tubes, with one size of service pipe there 
might be a drop of 1 lb/in 2 along the service pipe, and the vacuum main- 
tained in the container would have to be 7 lb/in 2 ; whereas with a larger 
pipe the drop might be only | lb/in 2 , and the vacuum maintained in the 
container would only need to be 6| lb/in 2 : this latter vacuum could be 
maintained at less cost than the former vacuum. The equation giring the 



Fio. 4 8. — Work done in isothermal compression per lb. of air, whon 
compressing from atmospheric pressure, 14-7 lb/in*, and 60° F. 


most economical size of pipe to use, taking into account the above-mentioned 
factors, is, 


rA = , 


MV M 2 / d W \0-513 <f(d) 

”/2~65(10) G m \dp ) ?d 
This is on the assumption that Martin’s value of £ is right. 


(4:30) 


Values of l/f'(d) are given in Table 2*1. dW/dp is the increase in iso- 
thermal work for a 1 lb/in 2 increase in pressure, and can be obtained from 
Table 4*2 or fig. 4*8 by noticing the increase in work of compression for the 
pressure under consideration. Eq. 4*30 is deduced thus : — 

The loss of pressure in the pipe line, from Eq. 4*27, is, p 1 —p 2 =0 t 513 
(M 2 /m)L/(<Z) ; the pressure of delivery from the pump is p v while that of 
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the connection box from which the apparatus is worked is p 2 . The work 
done in compression to cover the loss in the service pipe is Wj— W 2 =dW 
— (Pi— p 2 )(dW/rfp) ; this portion of the work of compression can be reduced 
if the service pipe is increased in diameter and the friction reduced : the 
latter portion of the expression, viz. dW /dp is fixed, as it depends upon the’ 
pressure p 2 , which is the pressure at which the air is to be delivered to the 
apparafas, which is a constant. The cost of current for compressing M' lb. 
of air annually at the extra expenditure of work (Px— Pz)(dW /dp) ft.-lb. is, 


M dW 

/ 2650000 dp 


pence, 


= C' 


(4*31) 


We want the total annual cost for capital charges, C", and air charges, C', 


to be a minimum, therefore 


FC 

U 


rC' 

W 


But 


ac' 


aC"/?(/=rAL 
M V /dW\ M 2 


. (4*32) 

sr/ZZm (*)~vr>wm ■ ■ <m 

Combining these two equations, we get Eq. 4*30, which may bo put, 

• • <«*» 

= (money) (load) (pressure) factors. 


For pneumatic tubes, when working at 8 lb/in 2 vacuum, m=0-0356, 
J the overall efficiency may be taken as 50-9 per cent., and the pressure 
factor becomes 0-048 = Kl. For pressure working at 12 lb/in 2 , w=0*1335, 
/=51-1 per cent., pressure factor = 0 034 = K2. For compressed-air work 
at 80 lb/in 2 , m=0-491, /=50-5 per cent., the pressure factor = 0*024 = K3. 
Then the equation becomes, 

J J ) = ^ a A )M 2 M' [Kl, or K2 or K3,] for these cases . (4*35) 


Taking an example where there are 8 — 2J-in. house tubes, each 200 ft. 
long, or the equivalent of that, worked at about f lb/in 2 , each using 0-038 
lb. of air per second : assuming that they are worked for 4 hours daily on 
300 days a year, and that r=10 per cent., o' = 2 pence. 


M =8 (-038) =0-300 lb. ^a second approximately. 
M'=0-3 (3600) 1200 = 1,300,000 lb. a year. 
dW /dp at 1 lb/in 2 is approximately 1800 ft.-lb. 

/, the overall efficiency, we shall take as 50 per cent. 
A we shall choose later. 


Then we get the equation, 

1 2 (-3) 3 l-3 1800 (0-51 3) _ 2 1300 

f'(d) ” (O-lOA) (-0764) 50 ;, tl (2-65) “ A * ’ 

Taking A as 12 pence, d would be about 5 in. If the load were bigger, 
or if / Were less, a pipe larger than 5 in. might be more suitable. 
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Taking another example where there are 6— 2J-in. tubes to be worked 
by a vacuum of 8 lb/in 2 for 12 hours a day continuously on 300 days a 
year, each taking 4 lb. a minute, M=0*4, M' =5,1 84,000 lb., dW/d/>=4450, 
and assuming r=10 per cent., a=l penny, A = 18 pence, then using the 
factor Kl, 

=22100, and a 7-in. pipe should be used for the servic 


Table 4’2. — Work done in compressing Air from Atmospheric 
Pressure (14*7 lb/in 2 , 1031 kg/cm 2 ) and Ordinary Temperature, 
60° F. or 15-6° C., to Various Pressures. 


Gauge 

pressure. 

Theoretical work per lb 

Gauge 

pressure. 

Theoretical work per kg. 

Isothermal. 

Adiabatic 

Metric 

atmos 

Isothermal. 

Adiabatic 

V i/?'o 
Lli/in*. 

Ft. -lb. 

Watt-hr. 

Ft. -lb 

Lb/in 2 . 

Kg/cm- 

Kfi-m. 

Watt-hr 

Kg-m. 

1 

1,830 

•69 

1.910 

1 42 

1 

347 

95 

354 

2 

3,530 

1-33 


2 SI 

■2 

691 

1-86 

700 

3 

5,130 

1*94 

5,250 

4 26 

3 

980 

2 77 

1,020 

4 

6,660 

2*51 

«J Jill 

5-69 

•4 

1,260 

3 44 

1,340 

5 

8,130 

3*07 

■319 

7-11 

■5 

1,510 

4 12 


6 

9,550 

3 60 

■y m«!H 

8-53 

6 

1,750 

4 80 

1,870 

7 

10,650 

4*02 

■If 'I'M 

9 95 

•7 

1,990 

5 43 

2,150 

8 

12;020 

4*55 

12,8S0 

11-37 

8 

2,200 

6 00 

2,400 

9 

13,040 



12-80 

9 

2,400 

6 55 

2,640 

10 

14,500 

5 48 

15,540 

14-22 

1 0 

2,600 

7 07 

2,860 

12 

16,570 



17 10 

1 2 

2,950 

8 03 

3,300 

14 

18,580 

■i m 

20,410 

19 90 

1 4 

3,320 

9 08 

3,760 

16 

20,500 

7 70 

23,000 

22 80 

1 6 

3,590 

9 80 

4,110 

18 

22,200 

8 40 


25-60 

1-8 

3,860 

10 50 

4,480 

20 

23,800 

894 

27,000 

28-44 

20 

4,130 

11 27 

4,850 

30 

30,840 



42 66 

3 0 

5,230 

14 27 

6,400 

40 

36,500 

13 77 

44,410 

56 90 

4 0 

6,050 

16 53 

7,420 

50 

41.100 

15-50 

■39Viltbfr 

71 10 

5 0 

6,740 

18 40 

8,810 

60 


1693 

■m&rjS 

85 30 

6-0 

7,320 

20 10 


80 

51,700 

19-50 

mm 

99-50 

7 0 

7,850 

21*50 

10,730 



CT = 27.700 ft. -lb., T = 60 # F. or 15 6° C., 1 ft. -lb. =0 0003736 watt-hr. 
CT= 3,820 kg-metre, 1 kg- metre = 0-002724 watt-hr. 

1 atmosphere =14-7 lb/in* = 1 -031 kg/cm 2 =p # . 

Isothermal work = CT log* (pjpo). 

Adiabatic work =Ct( ( ~ -*} 

Absolute pressure = [gauge pressure 1-031 ] kg/om 2 . 

= [ „ +14-70J lb/in 2 . 


Cooling of air at rest in pneumatic tubes. 

Suppose one is testing a tube for leakage, and fills a tube with com- 
pressed air at about 95° F. (35° C.). How long will it take for the air to 
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attain the temperature of the lead, and what will be the loss of pressure 
through cooling ? No appreciable temperature difference is likely to last 
for more than a few seconds. The weight of air per cm of tube, diam. 
d inches, the air being at 1 \ atmos. pressure, is -0093d 2 grams. The gm-cal. 
given up by the air in falling 9 X C. are O-237(-OO93)d 2 0 x . Assuming that the 
lead tube is only £ in. thick, the volume of lead per cm length is 7r(6-46)d(|) 
cm 3 : the weight is 28-2 d gm : the specific heat of lead is 0-035 ; assume 
that the rise of temperature of the lead is 9 2 C. ; then 0 2 (-O35)28-2d= 
0j(-OO218)d 2 =O-3 gm-cal. = 1-26 watts, if the fall of air temperature is 15° C. 
and d is 3 in. Assuming the surface thermal resistivity of lead and air= 
500° C. per watt emitted per cm 2 per sec., the watts absorbed by the 
lead tube = (-002) ir (2-54) 3 (temp, diff.) =0-0480 per sec. Suppose that the 
average temperature difference between the lead and the air is 5°, it will 
take (1-26/0-24) = 5 seconds for the air to come to the temperature of the 
lead. Even if the surface thermal resistivity is much greater than 500°, 
one can see that the time will be small in any case. 

The loss of pressure due to cooling from 308° abs. to 293° abs. will be 
5 per cent., which is quite appreciable if the absolute pressure in the first 
case is 22 lb/in 2 . 



CHAPTER V. 


THEORIES OP AIR PLOW IN PIPES. 


Theories of Culloy and Sabine — Zeuncr — Innon — Hutto and Fritzsehc — Harris — 
Equations for the flow in sloping pipos. 


At the present time it is not practicable to say which theory is the most 
correct. Harris’ theory is very approximate. Huttc’s and Fritzschc’s 
appear to be satisfactory if the value of the constant could be determined 
accurately for all cases. limes’ is practically the same as Unwin’s, which 
has been given in Chapter IV. 

The equations give quantities, pressures, and transit times ; they are 
for use in pneumatic-tube work rather than in ventilation or gas work, where 
the variation in density during flow is negligible. They are unnecessarily 
complicated for use when the approximate equation is good enough. Never- 
theless. the theories are worth looking at, so as to understand the problems 
involved. 


A. Culley and Sabine. 

One of the earliest discussions on the subject of flow of air in tubes is 
the paper given by Messrs Culley and Sabine in 1875, which is reprinted 
in the book Pneumatic Transmission ; it is given here, but only briefly 
because it is theoretically incorrect. The author assumes that expansion 
is adiabatic (which is not the case), so that pv n = constant, 1-408. The 
work done by 1 cu. ft. of compressed air at p in expanding from p l to p 2 is, 


W= 


i!l?i / 

-i)\ 


(n 


1 


The velocities in the tube are such that 


(*r"} 

Wo V a \pj 


(5*01) 


length 


, is assumed to exist where 


The mean velocity in the tube, transit time > 
the pressure is a mean of the initial and final pressures, i.e. where 
P'=i(Pi+Pt)i tence 

• • • • < 5< *> 


The author then states that the volume of compressed air which enters 
the tube during transit time is VotpV/h) 1 ^* where V„ is the voluinc # of the 

95 9 
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tube : the reason for this statement is not clear. The work done during 
transit is then, 



(502a) 


This work overcomes the friction of the air in the tube, accelerates the air, 
accelerates the carrier, and overcomes carrier friction ; these last three 
factors are treated as negligible in Culley’s final formula and are quite 
negligible in practice, so in this discussion they are left out of account 

at once. Culley states that the air friction in ft. -lb. is ^jj^g w ^ iere 

9n' = i(m 1 + m 2 ). The value of the coefficient Z, = 4£, is taken as 0-0280 for 
iron pipes and 0*0200 for brass tubes. The reason for the statement as to 
friction work is not given. Equating work done to friction work, we get, 


which gives 


. (503) 

. (504) 

and the transit time, — L Ju'—t. 



V /8 M£*» 7 2 >’i Y'"? 

1> J L ‘2;, WV, I p.J J * ‘ 

. (5 05) 

with values inserted, n- 1*408, ^ - *357, 

2 n 



D &( 7 \ 2W ) \} h +]>J 

. (505a) 


= (dimension factor )(pressurc and constant factor). 

Putting this into the form with <f) we get, 



i» 2 \ i / 2?, y m 1‘ 
d* La / U’'i , i ('V2\vVr 1+ iy | • 

. (5'056) 

but 

• • • 

. (5-05c) 

and also 

* • * 

. (5‘05d) 


L*«f 4£ \i|(H ^/»)(„_i)/ 2 Y m ]* 

‘ 1)»'\2</CT 1 J L "VH0/ J 

. (5 05c) 


The transit time will be incorrect in so far as 4£ does not equal 0*0200 
for the three sizes, li-in., 21-in., 3-in. tubes. The values of the two parts 
of the above equation are given in the original paper for various pressures 
and for three sizes of tubes ; they are also found in Tables IX. and X. of 
the British Post Office Technical Instructions on pneumatic tubes. The 
values of the pressure function, which are suitable for comparing Culley’s 
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transit times with those of other authors, arc given in fig. 5’2 : these are 
obtained by dividing his values by, 


4 £ 0-020 " 1 * 

2//CT ” (64-4) 27700, 


—0001057. 


Then we can say that the transit time is, 


( V 

yCulJey's function\ 

V2.y(!T/ 

V in fig. 5*2 / 


(505/) 


B. Zeuner. 

The thermodynamic equations upon which discussions on the flow of 
gases in tubes are based are, 

Jdq=d(Vv) I dU+dH+ifc .... (5*06) 

.1 dq — - d\V | dU-l-Pdv (Stodola, p. 48) . (5*07) 

Subtracting Eq. 5 07 from Eq. 5‘06, we get, 

0=dW ] vdP+dH+rfz. . . . (5-08) 

and when dz= 0, — vdP=dW-f dH. 

The symbols used are : 

J = coefficient to bring heat units (calories) to work units (kg-metre). 

dq = the heat added from outside. 

dll - -change in internal energy = i/[Pt»/(y—l)] for gases. 

dH — udufij— alteration in velocity head. 

dz = alteration in level =0 in this discussion. 

d W = work done by the gas in friction in tubes. 

The derivation of the equations is given in Chapter XI., Eq. 11*01. When 
dq — 0,dW=dlJ ~f P do, which gives Zeuner's equations. When IV* = constant, 
nPdv— dW-1 dH, which gives limes’ equation. Jf Jd^ — dll, we get iso- 
thermal expansion, as e/(Pe) = — dU= — d[(Pi;)/(y— 1)J, i.e . d( Pt>) must 
be=0 ; then 

Pdy-f dU = dW-f dH .... (5*011) 

It becomes Unwin’s equation when dU=0, that is, when T — constant. 
Innes’ equations as quoted by him are incorrect, because he left out the 
n before P dv; his equation only holds when n — l,but then his assumption 
that Pr” - constant is incorrect. 

The equations for the flow in tubes, on the assumptions and with the 
equations given by Zeuner, are, 



, m £dLH vdP + yP dv . 

dW= , — \ — , from 5 07 

/x y -1 

. (510) 

but 

„ u 2 M 2 v 2 



. (510a) 

and 

Pv»»---A, vdP-— nVdv 

. (5106) 

Then 

v 2 =v dP + yP dv= P dv(y — n) . 

• >11) 



98 


FLOW AND MEASUREMENT OF AIR AND GASES. 


Ab long as thorn is friction n can never — y : when there is little friction £ 
is small and n approximates y. 

Putting B for the constant in the first term, 


Integrating, 


BdL— — 


(y— n) dP (y w ) d p/ P \ ,/n 

n v n \\J 


BL | A-r 


(y-w ) (y -») 

n A 1/n (w + l) (n + 1) 


. (511o) 
. (5116) 


A=- 


(y~ w ) 

(n+1) 


Pi«i, 


BL= (nTT)^ P,Wl_1>W ^ * 


(y 1)£M S L 
2^ 


(y - n) 


(»+l) 


^p lwl (l-^>*'») 


(512) 
(5-1 2o) 


which sliows how <f> or P falls with the distance L from the beginning of 
the pipe. 

The quantity is given by, 


M 2 -=r~— t| 2 4^ 0 - V+ Un ) • • • (5‘13) 

(y 1) (tt + l)L r 

The transit time from Zeuner’s equation 5*11 is found from, 

dL *ls)'" l, ' , '(f _ I) (* {*) • • • (614 > 

which is like Innes’ equation 5*21, only (y — ?>)/(y—l) replaces n. Zeuner’s 
transit time is given in Chapter VI., Eq. 6 07. 


C. Innes. 

Innes ( Air Com pres ors, p. 28) discusses the flow in tubes for an 
expansion law, IV* = constant. The loss of head per length dL is dZ 
_£dL w 2 _ £dL II 
2r/ /x 

We then get the energy equation, from Eq. 5*08, 

nF*==dZ+dH=^ d * jM V-- . . . (515) 

(I 

and can deduce « 1<>gf P* : ^ ‘ 1 ( 5 16 ) 


Neglecting 


‘ ( n ” i)(P 1 m,-P 2 »« 8 ) = 


2P, (1 <£* * iln )n 

CT L(» , 1) 


(517) 
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I. *+i 


Values of /(??, <f>) are given in fig. 5*1, and of Lq in fig. 3*1. The temperature 
of the air at the far end can be found from, , 

T=T 1 <^ 1+1 / n , T 2 ==T 1 0 o 141 / n ; see fig. 5*1 . . (5’ ID) 

Tlie equation giving the pressure at any point is, 

P l l+l/n_pi + I/» L 1-^1 l«/n 

Pjl -4 l/» — Pgl +1/ B L„ 1 ' ' 

Values of ^ lfl / n are to be found in fig. 5*1 ; the value of n will usually lie 



Fig. 5*1. — Quantity, temperature, prossure, functions depending upon <p, the 
ratio of final to initial pressure, P 2 /Pi* Eq. 5*18, etc. 


between 1*0 and 1*2, but the functions are given for values up to 1-4, the 
index for adiabatic expansion. 

The transit time is found from Innes’ equations, by using Eq. 5*15 and 
neglecting the term u du/g ; then we get, 


. L„ 3/ V 4? \*("-H) 3/2 (W M2/n ) 

D*\2?CT/ (n-\ 2)n*(l-<£ 1 + 1 / n ) 3 ' 2 


(5*21) 


The resemblance of these formulae to those of Unwin may be seen at 
once ; they become the same when »=1. In practice one has to determine 
which value of n best suits the results of tests : the variation in quantities 
and transit times due to varying n and <f> can be seen in fig. 5*1 : the effect of 
varying n is very small. 
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The effect of neglecting the log term in finding quantities gives a value 
greater than the true one, as the log term would increase the denominator 
slightly : for instance, if p i /p 2 =b=x^ which is a very high value, and the 
tube is only 3000 ft. long, the log term is about 3, and the friction term is 
440 : usually the log term will be less and the friction term greater, which 
shows that there is practically no error in neglecting it. 

It is guite conceivable that the law of expansion and the value of n are 
not independent of the pressures or the ratio of pressures : in the case of 
short tubes with rapid flow, the expansion may follow a different law than 
in long tubes when the flow is relatively slow. 


D. Hiitte and Fritzsche. 


Ilutte (Engr. Handbook , vol. i. p. 3G3) gives the main equation for flow 
of gases in tubes, 

udu'g - 1 vdP-| dZ 1 dz— 0 (Eq. 5*07) . . (5*22) 

dZ is the friction term, dz is the difference in level in dL. If u is less than 
the critical velocity of air, then the friction 


dZ =-const. 

mu 

but if u is greater than the critical velocity, then friction 

. . . 


(5*23) 


(5*24) 


The value of the critical velocity is given in Chapter I. In commercial 
practice the velocities exceed the critical velocities. 

If we take a pipe line all at one level, dz =- 0 : assume that the gas follows 
the law of expansion Pv M = A, also Mv = Su. then 


or 


+ t =0 . 

Putting the velocity of sound in the gas u s = (gyYv)l, 


(5*25) 


(5*25a) 


(5*256) 


In ordinary cases u is much smaller than w s , so that the formula can be 
written as - dP- jSwtAIL/D, which gives the loss of pressure at each point 
along the tube for the length dL. Then with a long tube, where m and u 
can be considered constant, this can be at once integrated so that it becomes, 


Pi 


jS/MU* L 

p 2 D 


This formula converted into one with quantities becomes, 


Pi-p*= 


16/}M®L 

iPdrn 


(526) 
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Fritzsche used this formula when he deduced the empirical value of /} 
from various tests as, 

0=6-02 . . . . (5*27) 

d is in mm, m is in kg/m 3 , u is in metres, M in kg/sec. The value of 0 can 
also be expressed in a form including M\ the quantity in kg/hour, thus, 

0 = 2-526rf* 027 (M')“' 148 f (5*28) 

As the variation of the term (d)* 027 is only slight as d itself varies, we 



Value of • P 2 


Fio. 5 2. — Transit time functions based on values of <p, the ratio of final to 
initial pressure. For the values of FI, F2, etc., see Eq. fi'Ofi, 
etc. Tho values of the function according to limes lie between 
Fntzsche’s and Unwin’s. 

choose a value when d=100 mm =3-94 in., and 

0=2-8G(M')-* 148 .... (5*29) 

This gives a coefficient 0 depending on the quantity flowing (see fig. 2*2), 
not upon the diameter. 

Working from Hutte’s equation for the loss of pressure, we get, 

wtuML G-02(;/') 0 8 2 (u) 1,852 dL 
dA “P d (d) 1 ’* 8 


. (5*30) 
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which is the value given in Eng. Dig., 5/164/1909. The constant 6-02 
becomes 0-000315= a when English units are used. 

We have equations as follows, on the assumption that the expansion is 
isothermal, P»=CT : 

-/^=Stm=M, (wu)"=(^) 

wt81e . ,6-31) 


giving 


d° Y 5 v r i 2 -iv iY 54 




j* if 1 f(?i 2 — P 2 Z ) I>'\ 54 /k-m\ 

M— 4 (a 0 T)- 5, D <«\ 2 L J * ' ' 

M = (constant)(pressure, length function) . . (5*34) 

Now, for transit times, from Eq. 5‘31, n—\ '852, q= 1*269, a=0‘000315. 

fdL fIN dP p«dP/S\"+* 

( =|u= J a ’ • (5 35) 

flNdPl«/S \» +2 


fl)* dPP 2 /S\ n 

= J a (CT ) 2 VM/ ' * 

0-0001 16 L 1 * 538 / 2 V '™(L~ 

= p^OTO Vl _ \ 3 ) 


. (5*36) 


. (537) 


For finding values of t, see Chapter VI. 


E. Harris. 

Harris deduces an equation for flow in tubes, which he says is good 
enough for ordinary use : afterwards he proceeds to discuss the more exact 
equation. The former equation is found as follows : — 

Fluid friction is assumed to be ku 2 x per sq. ft. of surface : k being the 
force necessary to move air at atmospheric pressure at the rate of 1 ft. 
per second over 1 sq. ft. of surface. The thought in the author’s mind is 
that the tube or pipe is full of a mass of air which for the moment may be 
considered like a solid block, and this solid block has to be moved along the 
tube by means of the force at the end of the tube. 

The total pipe friction, F, is 77 DL ku 2 x : this must equal the force moving 
the mass of air, which is the net pressure multiplied by the area of the pipe, 

= (P 1 -P 2 )S=7rDL*;a 2 x . . . (5-38) 

The mean values of pressures, densities, velocity are taken, and the 
Eq. 2*64, etc., are obtained. 

F. Equations when the pipe is not level. 

So far we have only dealt with the flow in pipes which are all at one level, 
but n6w we shall give the equation allowing for alteration in level. But 
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in order to make it soluble the temperature is assumed constant, that is, 
Unwin’s equations are followed. 

From Eq. 5 ’08 we get, 

dW-f-udP-f dH-f dz—0 . . . . (5’39) 


and we assume that the pipe falls continuously in tucli a way that 
dz=t/j dL, so that, » 

£H foi dL -f v dP -\ dll + ^ dL — 0 . . . (5-40) 


We neglect dll, which accounts for the difference in velocity and which is 
always small, and get, 

dL= (^)Hf^ .... (5-41) 


Now 


H=" = 


i/ 2 /CTM\ 2 1 


dL= 


2 g V'S7l»2y’ 

-CTdP/P 


CT 


«=-k 


l /CTM\ 2 1 , .... 

2 gt A S 

We assume that T is constant, and then this is easily integrable, 

— PdP -PdP 

aL ~ £ /CTM\ 2 tfV 2 ~ ./.I* 2 


giving 

The full solution is then, 


/*2;/CT\ S'/ ^ CT 
l— 2hg,(.-i &r) 


i/ll* 

CT 


1|- ,™P, 8 1+J' » 

at 1 1 or or 
— - . — = e =e =e 

1 i r pa 

1 ' oCx 


(542) 


(5 43) 


(5-44) 


(5-45) 


(l+feP 2 ) = (l+6P 1 4 )e-‘* aU . . . (5-46) 

where 6=^/(aCT), h=z 1 -z i , A a = CT = 27,700; 

then P 2 = (Pi 2 - 2aL) - 2aL&(P 1 2 - oL) + 2a 2 L 2 i 2 (p i 2 - ^l) i etc. 

= (Pi* — 2«L) — 2(^/h a )(P 1 2 — oL) -(- 2(h/A 0 ) 2 (p i 2 — + etc. (5*47) 


When z 1 —z 2 =h=0, this is exactly Unwin’s formula, Eq. 4’14, as a stands for 
4£CTM 2 /(2jDS 2 ). 

This means that, when we have a sloping pipe, the pressure P a ' existing 
at the end is less than the pressure P 2 which would exist if the pipe was 
not sloping, by the amount, 


2 (difference in height) /T> 9 _ v 

(atmospheric height) * 1 ~~ a ' 


% (5’48) 
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The correction is quite a small one, as the atmospheric height is about 
27,700 ft., and the difference in level will usually be less than 1 per cent, 
of this. 

Laschinger’s discussion (Eng. Dig., 3/491/1908) concerning the flow in 
pipes which are not level is : 

Yt = pressure at the top of the pipe, 

P b= „ „ bottom of the pipe. 

Then Yb=Ytct* x—mm .... (5*49) 

because d P = m dz = P dz(( CT). 

Then for any problem, if we want to find out how much air will 
flow down a pipe, we have got Yt the top pressure — Pj ; P6 the bottom 
static pressure, and we assume that the actual bottom pressure will be 
P 2 = Pb— (loss of head in friction.) The mean pressure is ^(P^Pg); 
but until this is known the loss of pressure is undetermined. One could 
well enough take J(P6+P$) as the mean pressure, however. 
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CHAPTER V.— SYMBOLS USED. 


Equation. 

Symbol. 

Meaning. 

511 

A 

=a constant. 

5*43 

a 

~ »* 

511 

B 

“ »« 

5*46 

6 

= »» 

5 18 

C 

=--the gas constant. 

504 

D 

= diameters. 

5*26 

d 

=== »• 

504 

9 

= force of gravity. 

5*06 

H =u*/(2g) 

==liead due to velocity. 

538 

k =w 0 C/(2<7) 

--frictional force. 

5 18 

Lj =D/( 40 

a function of the pipe diameter. 

. . 

L 

=longths. 

5*20 

Lo 

=tho length of the pipo. 

5 10a 

M 

---weight of gas flowing per sec. 


m 

= densities. 

503 

m' 

-- moan density. 

501 

n 

= index of polytropic, or adiabatic expansion. 

5 31 

n =0-852 

- index of m in flow equation. 


v* v 

= pressures. 

502 

V* =i(Pi +lh) 

= moan pressure in pipe. 

531 

<j =1-209 

-- index of I) in flow equation. 

5 10a 

S =jiD 2 /4 

- section of pipe. 

5 21 

T 

--absolute toniperaturos. 

505 

/ 

= transit time. 

5*256 

V. 

= velocities. 

502 

u' =L Jt 

=mean velocity. 

5 256 


= velocity of sound in gas. 

506 

u 

= internal energy of gas. 

5*01 

V 

= volumes. 

503 

V 0 =L 0 S 

= volume of the pipe. 

501 

W 

=work done by air. 

5*07 

w 

= external work done by gas in pipe. 

5*38 

H 

II 

3 

= ratio of pressure to atmosphere. 

5 22 

z 

=work done in pipo friction. 

5*39 

z 

= height above datum line. 

5*31 

a 

=a constant. 

5 24 

P 

“ »» 

5*10 

y =1-408 

= index of adiabatic expansion. 

5 13 

<P 

= ratio of pressures. 

. • 

X =Pi/P. 

~ »» »» 

5*106 

A =Pv* 

=a constant. 

510 

A* =D/4 

= hydraulic mean depth. 

5*03 

c 

coefficient of friction. 

5*40 

y —dz/dh 

= slope of pipo. 




CHAPTER VI. 


TRANSIT TIME OF CARRIERS. 

Transit time as affected by: Length of tube — Diameter of tube — Physical condition of 
the tube — Pressure at which tho tubo is worked — Tyj>e and condition of the 
carrier — Methods of working, whether continuous or intermittent — Existence of 
leaks — Equations for transit time. 

This chapter deals with the time of transit of carriers in pneumatic tubes, 
both during ordinary conditions of working and during special tests made 
under special conditions. The factors which influence transit time for any 
particular tube are : — 

(A) The length of the tube. 

(B) The diameter of the tube. 

(0) The material and physical condition of the tube. 

(D) The pressure at which the tube is worked. 

(E) The type and condition of the carrier used. 

(F) The methods of working, whether continuous or intermittent. 

(G) The existence of leaks. 


A. Effect of length. 

As shown in Chapter IV., Eq. 4*11, the length of the tube, L, enters 
into the transit-time formula as L 3/2 : this is reasonably certain, and the 
only question is to know the true length of the tube, which is not a simple 
matter. In commercial businesses the length of the tubes will be only known 
approximately, as a knowledge of the length is unimportant for ordinary 
working. The length of tubes laid specially for test purposes can be 
measured accurately. In the case of the British Post Office the lengths 
of tubes arc recorded just as all plant is recorded, but one can never be 
certain that every slight alteration to the length of a tube is entered on the 
records. An exhaust pipe may be added at the end of a tube, or the posi- 
tion of some apparatus may be shifted, and the alterations in the length 
may be so slight as to be not worth recording. For instance, the records 
of a street tube might show : 

Length in head office . . . . 60 ft. 

„ „ street 3000 „ 

„ „ out-office 30 „ 


Total 
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. 3090 ft. 
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An alteration to the apparatus at the out-office, which increased the 
length by 20 or 30 ft., would be negligible as regards effects on the working ; 
but, if one tried to compare theory and practice, the addition of 1 per cent, 
to the length would produce errors of J per cent, in the quantities and 
transit times to be expected. 

We have seen it stated that a particular formula for transit time gives 
results ^correct to within 1 per cent. : such accuracy is unrealisable in 
practice, because the observations of length, pressure, diameter are not 
made to such a degree of accuracy. Results of tests may agree to within 
1 per cent, of results computed from a formula, but, unless each of the 
quantities in the formula is known accurately, the percentage accuracy of 
the formula is not determinable ; and it is merely a chance that the small 
inaccuracies in the quantities cancel out and give a result agreeing so 
closely with practice. It is satisfactory if the actual transit time for 
a particular tube worked at a particular pressure is within 5 per cent, 
of the theoretical time computed from the formula. 

In the case of a tube laid in the street, unless the length has been care- 
fully measured when it is being laid, it cannot be known accurately. In 
the case of tubes in buildings, as the whole tube may be within reach, the 
length can be measured at any time ; but to get the accurate length of such 
a tube when there are a good many bends and sets is not easy, and one 
may have to be content with the approximate mean length. 


B. Effect of the diameter. 

As regards diameter, one should remember that there are three different 
measurements which can be called the “ diameter ” of the pipe or tube, 
these being (i.) the actual diameter at any point, which would have to be 
measured in hundredths or thousandths of an inch ; (ii.) the standard 
diameter of the tube as drawn by the makers ; (iii.) the nominal diameter 
of the tube, by which it is usually known. Considering the nominal diameter : 
in America, a pipe known as 1 J-in. is less than 1J in. in internal diameter. 
In England, 2£-in. tube may measure 2£ in. either outside or inside : Culley 
mentions in his paper on pneumatic transmission that the tubes called 2 J-in. 
were actually only 2^j internally. This is about the size of the tubes 
used by Messrs Reid Bros, in their house tube installations. 

The standard diameter of the tube in this case is 2-^ in., which is the 
diameter of the mandril fitting into the tube. The actual diameter of this 
tube at any place would vary to the extent of some thousandths of an inch 
above and below the standard, i.c. it might be 2*190 in., 2*170 in., instead 
of 2*1875 in. These variations are always small, and will tend to be both 
positive and negative. For use in formulae the standard diameter would 
be used. 

The variation likely to exist in practice will be less than 1| per cent., 
which is in. in a 2J-in. tube. Greater variations, if negative, would 
be noticeable, as new carriers would be very liable to become wedged in 
the tube. The variations from the standard diameter will have little 
effect on the computed transit time : even if the tube was everywhere as 
much as 1 per cent, too big or too small, the error in the computed transit 
time would be only £ per cent, from this cause. 
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C. Effect of the physical condition of the tube. 

I know of no experiments made to determine the effect of the lie of the 
tube upon the transit time. Taking the case of a street tube : if it had 
many twists and turns, the carrier would inevitably travel slower than in a 
perfectly straight tube ; if the tube was laid on a great slope, carriers would 
travel in a downward direction at a greater rate than they would travel 
upwards. The effect of these factors, however, could only be measured 
properly if the lengths of the tubes were known very accurately and the 
condition of carriers used in the tests were perfect ; otherwise the variations 
in transit time as between carriers moving in level as opposed to sloping 
tubes, or in straight as opposed to curved tubes, might be due to variations 
in the condition of the carriers, or to imperfect readings of the tube lengths 
and pressures. 

The material of the tube affects transit time very slightly, because the 
surface of the tube must be very smooth if carriers are to travel freely, and 
the friction depends upon the smoothness of the surface, not upon its 
material. The rubbing of the carriers upon the walls of the tube keeps 
the surface smooth, and gives a high polish to lead tubes. The effect of 
the material on the flow of air, in the case of pipes for transmitting gas or 
compressed air, is quite different, because the surface may be rough without 
the flow being stopped, and the method of manufacture and the treatment 
to prevent corrosion will considerably affect the smoothness of the pipes, 
whether of iron, steel, brass, or other material. 

The existence of foreign material in the tube, such as oil, dirt, or water, 
affects the speed of carriers. Dust will only collect in tubes when they 
are not being used; but oil, water, and grit may find access to the tube 
during ordinary working conditions. Moisture is always liable to be 
present, because the air expands and falls in temperature as it flows along 
the tube. Oil from the pumps may be carried over to the tubes when 
these are worked at relatively high pressures and temperatures. The 
water collects in the dips in tubes, and resists the motion of carriers : this 
is especially noticeable in the case of old and worn carriers, as the air flows 
past them and leaves them stationary in the pool of water until a new 
carrier arrives at the spot and fills the tube, thus preventing the flow of 
air past the carrier. The pressure then rises behind the new carrier and 
drives both carriers through the water. Every tube between two offices, 
which is laid in a street, must have a dip somewhere in its length, as the 
tube always rises to the terminating instruments in the offices. If the 
office in one case was in a basement below the level of the street, it might 
be possible to get a tube with a falling gradient over the whole length, but 
such a case would have to be specially arranged for. 

The quantitative effect of these factors upon the transit time is 
indeterminable. 


D. Effect of pressure. 

The effect of the pressure of working upon transit time has been dis- 
cussed in theory in Chapters IV. and Y. : it has been seen that the impor- 
tant factor is not the absolute pressures at the ends of the tube, but the 
ratio of the sending pressure to the receiving pressure. Practice agrees 
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well with theory, except when the tubes are being worked at a very high 
vacuum, when the air is so rarefied that it leaks past carriers, and has not 
the same power of driving them along the tube as when denser air is used. 
Both Culley and Kempe give equations for the approximate transit time 
which include the pressure function l/(Pi— p 2 )* : this is only a rough 
approximation, because the transit time depends upon the value of the 
mean pfessure. The same difference of pressure when driving compressed 
air through the pipe line will not give the same time of transit as when 
driving rarefied air. 

Gulley’s equation (Pneumatic Transmission , p. 54) is practically the same 
as Kempe’s, and is, 

<=•000482^-, - L8 — -I*. . . . (6-01) 

i r>(7»! — /» 2 )J 

An equation of this form can be deduced by using Eq. 2*09" and assuming 
a constant air velocity. 


The constant 0-000482 stands for 


2 £w * 

.144,7 


(6*01a) 


giving £m = 0-00054 ; if m = 0-0764, £=0-0070. 


E. Effect of type of carrier. 

The variation of the type or condition of carriers used makes a con- 
siderable difference to the transit time, but practically no difference to the 
consumption of energy in working the tube if the tube is being worked 
continuously, and a very slight difference if the tube is being worked inter- 
mittently. As regards energy used, this is due to the air friction on the 
whole length of the tube, and to carrier friction on a very small portion of 
the tube : the carrier friction on a 6000-ft. (1-8-km) tube may amount to 
that from six carriers, taking up a length of 3 to 5 ft. (90 to 150 cm) in all ; 
this latter friction is negligible whether the carriers are new or old. If 
the tube is being worked intermittently, i.e. power is only turned on while 
the carriers are being sent, the power will have to be kept on for a longer 
period if worn carriers are being used, as their speed of travelling is less 
than that of new carriers ; but the extra power used is not determinable 
in practice, because the power is never turned off immediately the carrier 
arrives at its destination. A tube attendant has more than one tube to 
attend to, and some time elapses bet ween the receipt of a signal acknow- 
ledging the arrival of a carrier and the turning off of the power ; and the 
signal itself may not be given immediately the carrier has reached its 
destination. The extra energy consumption due to the use of carriers 
in various conditions of wear cannot be separated from the extra energy 
used owing to lax attendance. 

The speed of different types of carriers will be the same as long as the 
buffer fits the tube closely ; but if the buffer is worn the speed is only approxi- 
mately determinable, as there is no really satisfactory criterion of the amount 
of wear on the buffer. I am thinking now of carriers about 1 \ in., 2£ in., 
and 3 in. in diameter ; with carriers 6 in. and 8 in. diameter, no doubt, it 
might be possible to measure the speed for carriers whose buffers differed 
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by £ in., £ in. from the standard. In most of the routine tests made on 
British Post Office tubes to find transit times, new carriers are used ; these 
show the best time possible, and show if the tube is in good order. In 
the tests which I made, both new and old carriers were usually employed, 
so as to find the ordinary transit time as well as the best time. The result? 
of these tests showed a difference of carrier speed as between new and old 
carriers of 0 to 10 per cent, normally. By far the greater proportion of 
cases showed a difference less than 5 per cent. : it was only in the case of 
the longer tubes that it amounted to 10 per cent. If a carrier with no 
buffer is used, the speed may become nil and the carrier may cease to 
travel ; but such a case would not occur in practice, as carriers worn down 
to such an extent would be withdrawn from use and replaced by good ones. 
For ordinary use, it may be taken that the difference in speed between good 
and w T orn carriers will be less than 10 per cent. A further difference in 
speed due to varying the pressure also occurs, so that to cover all possi- 
bilities of speed variation an amount of 20 per cent, should he allowed for, 
if it is desired to prevent one carrier overtaking another. 

F. Method of working. 

The transit time of carriers in a tube worked intermittently will, in 
theory, differ from that of carriers in a tube worked continuously ; but in 
practice the difference is immaterial, because tubes worked intermittently 
are always short, and the slight alteration in time is of no moment. I hc 
difference, according to Culley’s theory, amounts to 10 per ceirt. working 
with vacuum of 12 lb/in 2 (8*5 kg/cm 2 ), and to smaller amounts with 
lower vacua. The basis of Culley s theory does not appear to be at all 
sound, nor is it very intelligible, and the 10 per cent, may be greater than 
what actually exists ; but the question as a whole is dealt with more fully 
in Chapter VII. The reason for the difference between transit times for 
continuously or intermittently worked tubes is that, with vacuum working, 
if an attendant inserts the carrier at the out-office and the vacuum is then 
turned on by the attendant at the head office, it will be some seconds before 
the continuous state of flow is reached, and during this period the carrier 
is travelling at something less than the full speed. 

With pressure working, on the other hand, if an attendant at the head 
office inserts a carrier in the tube and then turns on pressure, there is a 
rush of air into the tube where the pressure is atmospheric, and the carrier 
travels faster than if the state of continuous flow had been existing from 
the beginning. 

0. Effect of leaks. 

The effect of a leak upon the transit time is not obvious : one would 
ordinarily think that a leak would he a disadvantage in every way, but 
this is not borne out by theory. The existence of a leak can increase the 
Bpeed and reduce the transit time. The point is investigated on the assump- 
tion that Unwin’s formulae, as given in Chapter IV., hold for pneumatic 
tubes. For pressure tubes, the pressure P at any point along the length 
can be found from the curves in fig. 6*2, which give the value of y=P 1 /P 
at all points of the tube for values of Xo-^ 1/^2 ^ rora 2*0 to 1*0. If then 
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is & leak at any point, the pressure will be less than P ; assume it to be P\ 

P P p p' 

and the values of an( l X 2 =p now become Xi ,== p' an ^ X 2 *“p~» 

It can be readily seen that the speed on the first 


p 

but XiXt = Xo = j> 1 • 


part, L^, will be increased, and on the latter part, L 2 , will be decreased ; 
but the* increase in L x may be more than the decrease in L 2 , and the total 
transit time may thus be decreased. In order to determine the effect 




Fig. 6*1. — Theory of the effect of leaks in tubes. 


Pressures 
in tube. 


in any particular case, we assume that the leak is equivalent to a length 
of tube zL 2 ; the squares of the pressures along the tube and the pressures 
arc then as shown in fig. 6'1. The distance SX is zL 2 /(z-f 1), and is found 
by using the quantity equation, 



(P,®-P'®)1) 5 (P'®— P 2 ®)D 5 , (P'*— P 2 *)D S 

M ~ Ljfj Lgf j b cL 2 <"j 

. (6-02) 

giving, 

OV-p'*) (F*-p* s )n , j-i 

Lj L 2 L: J 

. (6 03) 

The transit time for the tube is, 



Li 3,2 / 4 (xi)+V'm) • • • 

. (604) 

where 

X1=1VP'» X®=1’'/P* 


and if this is to be a minimum, 



to '*-* 

s 

II 

1 

• 

• 

m 

. (6 05) 
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Values of ?/ 4 (x) and of (Lj/L*) 3 / 2 are given in fig. 6*2. 

The ratio PJP is given in the lines marked 2-0, etc., in fig. 6*2. If we 
assume that there is a leak at any particular point, we know what value 
of the differentials would make the transit time a minimum, and we can 
also see what the value of the pressure would be if there were no leak. 
Then we can scrutinise the values of the differentials for values of xi and 
X 2 for lower pressures, and see if there appears to be any lower pressure 
which will give the minimum. For instance, if L 1 =0*8L 0 , L2=0-2L 0l 
and the ratio of differentials must be 8 to give a minimum ; this occurs 



Ratio , Length of tube from beginning to !eak m L t 
„ „ „ „ leak to end * L % 

Fio. 0*2. — Effect of leaks on transit time. The lines marked 2 0, 1*8, etc., give the ratio 
of initial pressure to tho pressure at points along the tube, viz. ^ —Pj/P, when the 
ratio P 1 /P a =2 0, 1-8, etc. 

when there is no leak. But on a tube where Xo”2, and a leak is introduced 
at a point L^O-GLq such that the pressure falls to P— P^l-54, instead of 
being Pi/1-66, as it would be if there were no leak, then the transit time 
becomes reduced in the proportion 1-350 to 1-310, or by 3 per cent. 

H. Various equations for transit time. 

What equation gives the transit time most accurately is not known. 
It must be remembered the equations are for air transit times, and do not 
take into account the slip of the air past the carrier. In making tests 
there are five points which can be investigated : 

1. Time of transit in practice. 

2. Effect of pressure. 

3. „ types of carriers. 

4. „ length and diameter. 

5. .. friction. 
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In order to get the transit time, new and old carriers can be sent and timed 
under working conditions : the pressure should always be recorded ; but, 
as it is usually variable, only a mean value can be chosen. To test the 
effect of pressure, new carriers can be sent in any existing tube at various 
pressures, which should be kept constant, and which must be read on 
accurate standard gauges. To test the effect of different carriers, various 
sorts of carriers can be sent down any tube at one or more definite constant 
pressures. To test the effect of dimensions is almost impossible, because 
one would require to have many different tubes of accurately known dimen- 
sions down which new carriers at constant pressures could be sent. The 
point is not very important, if we assume Eq. 2*086 is true, as there is then 
no doubt about the correctness of the functions L 3 ^ 2 and 1/(D)* which appear 
in the formula : these functions are altered if the equation for loss of pressure 
includes fractional indices. To test the effect of friction, one could investi- 
gate the loss of pressure due to passing known quantities of air down short 
lengths of tube. Pneumatic tubes, after being laid, are so smooth that the 
friction will be the same as that of the tubes as manufactured ; or it may 
even be less, due to the polishing effect which carriers have on tubes in use. 

To find the probable transit times of carriers in pneumatic tubes, we 
have equations deduced from formulae given by live authorities: 


Culley, from Eq. 5*05e, 

Zeuner, deduced from Eq. 5’14, 

WV _4£_M (nj±)W(\Wr(y-nn (1- ^ l2/ ") 

Dl\2g(n\J (n + 2) W \(y 1)J I” )W { > 


Innes, from Eq. 5*21, 


L 3 / 2 f 4£ V(w+1) 3 'Y1Y (W l,2/ ") 

1 DTy^CTJ (m ! 2) W (1 ^ l +»/") 3 / 2 

Unwin, from Eq. 4*18, 

L">f 4£ \*(1 - 0 3 )/ 2 

'-lvHfyCT J 3 \(1 

Fritzsche, from Eq. 5*35, 

_L 1,r,:i8 (aOT)* 54 f 2 \ 1 * :>38 /l-^ 3 \ 

nvni:^/ V 3 ~ ) 


(6*08) 


(6*09) 


(610) 


In Eq. 6*06 to 6*09 the value of £ varies with each size of pipe, and there- 
fore the value of the constant will differ for each size. In Eq. 6*10 the 
variation of £ with diameter is incorporated in the index of D. Gulley’s 
tables in his book, and those in the Technical Instructions of the British 
Post Office Department, include a fixed value for £, and therefore are only 
correct for one particular size of tube : they seem to be best for 2J-in. tube. 

For use in getting transit times, the pressure functions are given in 
graphical form in fig. 5*2 : these are called FI, F2, etc. 
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CHAPTER VI.— SYMBOLS USED. 


Equation. 

Symbol. 

Meaning. 

0 05 

a =L,/Lo 

=a ratio* 

605 

b — Ljg/Lo 

== >» 


C 

=the gas constant. 

002 

Cl 

«■ a coefficient. 

601 

D 

— diamotcrB. 

C 07-610 FI, F2, etc. 

= pressure functions in transit- time formulas. 

6*06 

g 

—force of gravity. 

6*01 

L. 

= length of tube under consideration. 

6*04 

Li 

=longth of tube from beginning to leak. 

604 

L, 

= , f „ from leak to end. 

6*01a 

m 

= density of gas. 

6*02 

M 

= quantity of gas flowing. 

6*06 

n 

= index of polytropic expansion. 

601 

P.-P 

= pressures. 

6*01 

t 

= transit time. 

602 

z 

=a ratio, *zL„== equivalent of leak. 

610 

a ='000316 

=a coefficient. 

6*07 

y =1-408 

=index of adiabatic expansion. 

6*06 

C 

= coefficient of friction. 

606 

V = p s/ p i 

= ratio of pressures. 

602 

Xi = p i^ 

^ »> » 

6*02 

X. “ p /P. 

~ ft »» 

602 

Xi = p i/ p ' 

= „ when leak exists. 

6*02 

z.' - P '/P. 

— *1 M *f ft 

6*02 

Xo = p i/ p i 

— tt tf 
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/ 2Pj y/« ii 

V 2W / 

vp r i i V 1 


and the values are found bv dividing Culley's values by 1*70, which is 
100,000(4£/2//(T)*. 

F2 is the function of w, <£, in Eq. 6 07, when w = l-0. 


F3 „ 

JJ 

w, <£. .» 

6*08, when n— 1*4. 

F4 „ 

J> 

.i 

6*09, n being 1*0. 

F5 

J) 

P. <£. „ 

6*10. 


The dimension functions, L 1 ’ 6 , L 1,,r>38 , are given in fig. 4*4. The transit 
time for any tube then becomes. 


/dimensionX/ friction, temp.,X/pressureX 
\ function /\ gas function /^function/ * 


( 6 * 12 ) 


of which the middle function is ordinarily constant, and the first function 
is constant for any tube, while the third function is variable. We then 
get as follows : 

Cul ley's transit times, 


/( L, 1))(*017G)F1 for 2|-in. tubes. 

Unwin’s transit times, 

/( L, D)(const.)F4. 

Fritzfiche, f(L, D )(r<)0<K>) F5 ‘ 

Table 61 shows the values of the constants for air flow when T = 60° F* 
and CT = 27,700. 

Table 6*1. 


Internal diameter of tube . 

1 i in. 

2 \ in. 

3 in. 

Assumed value of ( . 

•00S05 

•006S0 

*00605 

10,00() [4f/(2</UT,)]l (Unwin) . 

1-45 

1*322 

1 '26 

10,000 Fritzsche’s constant 

MG 

M6 

1 *16 

Fritzsclie’s, divitled by I) 

4*80 

3*65 

3*00 

Unwin’s, divided by 1)6 

4*10 

3*09 

2*52 


As the function of L in the case of pneumatic, tubes usually lies between 
200,000 and 1,000,000, the first portion varies from 80 to 400, which has 
to be multiplied by the pressure function, F2, F3, etc., these being from 
0-50 to 2 0 and onwards. The transit times then work out as from 50 
seconds up to about 600 seconds. For the above sizes of tube, Fritzsehe’s 
]/(D)*« 8 » and Unwin’s (£/I) )* 6 do not differ much. 

As regards the variation in transit time due to pressure variations, 
Fritzsche’s F5 appears to be most near the truth ; Unwin’s value of F4 
gives results which are too low when working with high vacuum, and which 
are too high when working with high pressure. 

Many more experiments, made under good conditions and with accurate 
readings of the lengths and pressures, are required before the best formula 
can be determined. 



CHAPTER VII. 


INTERMITTENT FLOW OF AIR IN TUBES. 

Unsteady flow in general — Results of tests — Consideration of flow when working with 
preHsu re —Determination of weight of air used — Flow wlion working with vacuum — 
Determination of the time takmi to empty tho tube of compressed air, or to fill 
it with air at. atmospheric pressure— Probable times in practice — Variations of 
pressure immediately after a cock is turned on. 

This question arises in determining the quantities of air used when work- 
ing pneumatic? tubes intermittently, or when working “ Up ” and “ Down.” 

A. General question of unsteady flow. 

With tubes worked intermittently, in practice it is difficult to predict 
accurately wlmt amount of air will be used or what the transit times will 
be, because the conditions at the beginning and end of flow are variable. 
The cock controlling the tube may be turned on when the air in the tube is 
in motion, and when the pressure is not atmospheric ; and the cock may 
not be turned off by the attendant immediately the carrier reaches the end 
of its journey. 

Considering first the normal case, in which the air in the tube is at rest 
and at atmospheric pressure when the cock is turned on. 

Working with pressure, immediately the cock is turned on there is a 
big rush of air into the tube, and the rate of flow through the cock is much 
in excess of the rate of continuous flow, because the pressure gradient is 
big : until the stat(‘ of continuous flow is attained the pressure near the 
cock rises continuously. The time taken before this state of continuous 
flow is reached varies widely according to the length and diameter of tube, 
and the pressure of working, etc., but it is about 5-20 seconds for 2J-in. 
tubes up to 2000 yd. or metres long. Graphs showing the rise and fall of 
pressure at the cock are given in fig. 7*3. 

As is easily understood, since the rate of intermittent flow in pressure 
working is greater than the continuous rate, the transit time of carriers 
will be less for intermittent working than for continuous working ; but the 
reduction of transit time is fairly slight, because the time during which 
the greater rate of flow acts is only a small proportion of the total time. 

In the case of vacuum working, the opposite effects are noticeable : 
when the cock is turned on, air flows in at a slow rate to the open end of the 
tube where the carrier lies, and thus at the beginning of its travel the 
carrier,goes slowly ; the total time of transit is increased, therefore. At the 
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cock the rate of flow at first is big, because of the large pressure gradient : 
the flow decreases as the vacuum rises. 


B. Results of tests. 

The tests made at various times showed that the rise of pressure or 
vacuum at the cock was very rapid when the cock was opened, unlSss there 
was some definite throttling in the service pipe, in which case the final 
pressure reached during steady motion was of course about 1 to 3 lb/in 2 
below the tube pressure which would have existed if there had been no 
throttling. When the cock was shut the rate of the fall of pressure was 
always much smaller, because the source of power — which is the atmo- 
sphere — was at the open end of the tube. The general form of prcssure- 



Time in Seconds 

Pm. 7'1.~ Intermittent, working of pneumatic tubes. Rise and fall of pressure in tho 
tuini by tho eoek when power is turned on or off. The time is reckoned from tho 
moment when the cock is operated. 


time curve can be seen in fig. 7*1 : that the results of tests agree with 
theory to some extent is shown in Table 7*1. 

Bontenips ( Pncu . Tram p. DO) describes tests made on the Paris 
pneumatic tubes, which arc 2-52 in. diameter. The carriers struck indicators 
in the tubes at various points, and the times of striking were recorded 
electrically at the Central Office, so that the velocity was dcducible. Bon- 
temps states that the velocity was constant over the middle section of the 
tube length : the working was intermittent, and at a pressure of 19*7 in. 
mercury (10 lb/in 2 ), so that the velocity in the first section was much 
greater than the velocity in the middle section. The velocity in the final 
section was greater than in the middle section because the air was rarefied. 
He states that the air was at a constant density in the tube, but this cannot 
have been true, and the constancy of the velocity over the middle section 
is hard to believe. 

C. Pressure working. 

We want to determine what quantity of air will be used when sending 
carriers intermittently : this quantity is more than one would anticipate, 



116 


FLOW AND MEASUREMENT OF AIR AND GASES. 


so that intermittent working does not save much air, but it enables a tube 
to be worked in both directions, and thus avoids the laying of two tubes 
in place of one. 

Though it is impossible to know exactly the consumption of air, it is 
possible to find the limits between which such quantity will probably lie. 

The difficulty of treating the question theoretically arises because, 
during df portion of the time of transit, the quantities flowing are variable : 
all previous equations of flow have included the constant, M, for the quantity 
per second. In this problem, during the earlier part of the time, M is a 
variable with regard to both time and place ; just after t—0, M is enormous 
for a fraction of a second. 

We shall first think of the various periods of time into which the total 
time may be divided. 

<l=time from opening the cock till the steady state is attained, say 
5 to 20 sec. 

f2- the time during which the steady state exists, until the carrier 
arrives at its destination. 

£3 = the time during which the cock is left on after the carrier reaches 
its destination, which may be from 3 sec. up to any time if 
the attendant does not receive the notification of the carrier's 
arrival, or if he overlooks such a signal, and then leaves the 
cock on indefinitely. 

f4=the time for the pressure to sink to atmospheric pressure. 

£5 = the transit time for intermittent working. 

£6 = the transit time for continuous working. 

Now we shall find the weight of air used : for this purpose fig. 7*2 has 
been drawn. The ordinates of the curve OBCDE show the rale of flow 
out of the tube at the open end, and the ordinates of the curve AB(-l) 
show the rate of flow into the tube at the cock : the integral of OBCDE0 
or of ABODD'O is the quantity we are out to find. The amount of air 
which has flowed out of the container cannot bo determined until it is known 
how AB should actually be drawn, and the solution for that portion of the 
curve is not yet found. The approximate total flow we can know r . 

Wl—0BB'=-the weight of air leaving the tube during tl. During 
this time air is flowing into the tube and filling it with 
compressed air. The area ABO just equals this amount 
=area DIVE. 

W2=the amount of air used during t2 : it goes into and comes out of 
the tube. 

W3 = tlic amount of air used during /3. 

W4=the amount of air which comes out of the tube after the cock 
has been turned off. This equals the difference between 
the weight of compressed and uncompressed air in the tube. 

W5 = the amount of compressed air in the tube. 

W6=thc amount of air at atmospheric pressure in the tube. 

W2 is known if we know t2 : W2=M t2. W3 is known when we assume 
some vglue for <3, the time during which the cock is left on unnecessarily. 
The actual value of W1 1 am unable to determine by theory at present. 
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W5, the amount of compressed air in the tube, is easily evaluated : this 
weight of air fills the tube at any instant, during the time of continuous 
flow, and exists in the tube immediately the cock is turned off. 

The amount of air W5 — W6 flows out of the tube during the time f4, 
which varies from a few seconds, up to a minute in the case of long tubes. 
A knowledge of this time is of no direct importance, except as giving assist- 
ance in knowing the laws of variable flow, and so in helping to determine tl. 

W5= |S<1L >»— |SdLM/(«S)=M^dL/w=Mf6 . (7-01) 

One can see from this that in the case of continuous working the amount 
of compressed air in the tube is just the amount which leaves the container 
during the transit of one carrier. 

We are now in a position to determine the total weight of air used. 



Time after Oteninc, Cook. 

At A t-ho cwu'k is opened , flow variable during t x 
At II the eoek is still open ; flow is steady during t 2 . 

At 0 the oarrier arrives at its destination 

At D the attendant shuts off the eoek, and the flow is variable. 

At E the air in the tubo is at rest at atmosphoric pressure. 

Fig. 7 2.— Intermittent working of tubes ; theory. Rato of flow at the open end of the, 
tube is given by OBCDE, to atmosphere (pressure), from atmosphere (vacuum). 
Rato of flow out of, or into, reservoir is ABCD. 


Supposing one is at the open end of the tube : air flows out during <1, <2, 
(3, ti, and the total amount is, 

W=W1 + W2 + W3 + W4 . . . (702) 


The factors which require special investigation arc \VI, tl, t2. We 
see at once that the area DIVE will be about as big as BCC B if /4 approxi- 
mates *6 : the total quantity of air used will therefore be considerable. 

W1 is the area OBB' : assume that OB is a straight line, and that we 
have found by experiment the ratio tl //6 = a ; we also assume that tl +<2 f «3 
=t6, which we can do by allowing IZ to be just such an amount as to make 
the equation true ; the intermittent transit time tl + /2 is less than (6. 

The air used is, 

W = W1 + (M«2 + M<3) + W5-W6 . . . (703) 

= lM<l + (Mt6— M<l) + M<6 — W6 . . (704) 

= M /6(2 — Jo) — \V6 (7‘05) 

=W6[/(n, ^)(2 — Ja) — 1] (706) 
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Mffi from Eq. 5*21 and 5*18 becomes, 


M/6-SLm (n+1) ( 1 -^ 1+2/ ”) 
M/O-bLw, -- - . 


, 1(n+2) (] _^, ]/n) 

— SLw ^ ^ ^ ^ 2,T ') (7 - 08) 

bLW >+2)P 0 (l-^,i/") • • • • (7W) 

= Wfl| l jj^^j=W6/(M, ^), when m = l . (7 ’09) 

The errors which have crept, in because of the assumptions arise because, 


(i.) OB is not a straight line. 

(ii.) tl-h$2-} /3 may be less or more than /6, depending upon the way 
in which the attendant works the tube. 


None of these, however, are serious objections, as the way in which 
OB rises must be as shown ; almost certainly the true area of OBB' will be 
greater than the triangular area ; and the time the cock is left on is quite 
likely to be sufficient to make /l-l f2-l-/3=/(>. 


D. Vacuum working. 

The conditions are somewhat similar to pressure working, but the 
quantity of air used is far less, because, 

(i.) The mean pressure in the tube is less. 

(ii.) The attendant can see the carrier arrive, and turns off the cock at 
1 once, so f3 becomes small. 

Tn this problem OBB' is again unknown, and t2 and /3 are also unknown. 
The amount of air which lias flowed into the container during tl must 
be equal to W6 — W5, with the addition of whatever has flowed in at the 
open end during t 1. We have times /l, / 2, /3, t\ during which the flow 
from atmosphere into the open end is Wl, W2, W3, W4 ; during t 1, the 
air flowing into the reservoir is W6--W5 \ Wl. The total amount used, W, 

W-W1 + W2 I W3-MWG-M/G) • • • (7"10) 

= (W6-M/6-| -JMuftiH M/2 l-M/3 . . (7*11) 

Now if /2-M3=/6, and because MfG=W6 /'(», (f > ), 


W«W6{H . . . . (7*12) 

The air used is therefore equal to the weight of air in the tube plus a 
small percentage depending on a and f'(n, <f>), 


f'(n, +) = 


2W6 (l-<f> 3 ) 

3 (1-^) • 


(7-13) 


This is obtained from Eq. 7‘07 by putting tii,= »i 0 ; values are given in 
% 51 . 

The amount of air which flows into the t ube from atmosphere is, 


W4=W6-M/6 (see fig. 7-3) . . . (714) 


whereas for pressure the amount of air which flowed out was, 


W4=M 1 6-W6 


(715) 
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If one is working “ Up ” and “ Down,” and no time is allowed for the 
air in the tube to fall or rise to atmospheric pressure each time a carrier is 
sent, this amount W4 will partly find its way into or out of the container, 
and * will increase the amount of air used accordingly. Suppose we have 
been working by pressure, and that the point of time is as represented by 
D', and that we then turn on the vacuum cock so as to bring a carrier up 
to the head office, then the compressed air in the tube will partly find its 



Fiq. 7 '3. — Intermittent working of pneumatic tubes. Functions giving the quantities of 
air involved ; see Eq. 7’05, and Eq. 7 07 for M <0. 

way out of the open end of the tube, and will partly find its way into the 
vacuum reservoir. How much will go each way is quite indeterminate, 
depending as it does upon the resistance of the cock and services relative 
to that of the open end of the tube. The only point to notice is that W 
must be increased in such a case : a suitable proportion of W4 to take 
would be £ to and add this to W as found previously. 

There is a way of finding /4 approximately when we assume that the 
expansion is isothermal, and when we neglect the change in kinetic energy, 
as follows : — 

When the cock is shut ofl, the air in the tube is W5 ; this decreases or 
increases by an amount M lb. per second, where, 

M=a/i(^>), pressure working (see Eq. 4*13) . • (7*16) 

M=a/i'(^>), vacuum working . . . . • (7*17) 
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From Eq. 4’13, 

a=w» 0 S('7CTL 1 /L 0 )* . 

/i(ft = 0/f-l) 1 • • • 

/i'W-C i-^)‘ • • • 

We also know that W5 = M(/6), and from Eq. 4*1 9, 

f6=L„ g (Tr^i= B /4^) 

giving W5 = aB/j(^)/ 4 (^>) = aB/ r ,(^) . 

But aB=2/3 W6 , l ,rcKt,uro 

vacuulv 

Then we have 

M(ft=rf(W5)=rf[aB/^)] . 
and when the values are inserted we get., 


(l-<£ 8 )5 ; , „ 1-^12 6* 

«+ ' ,r ‘‘ SSUre 

• (1 - <£ 2 )‘ d<=aB d<j> vacuum 

The equations take the form, 

B/(*)=A . ■ . 

and are intcgrable, using sin j*, d<f>--v . os u r/r. 

Let the solution be F(t, <£), which is, 

^ Rlll^ T 1 1 'T 

Pressure, ¥(x, <f >) - — ^ - + ( , ( - , I 1“* 2 


(718) 

(719) 
(7‘20) 

<7 21) 
(722) 
(7 23) 

<7 24) 
(7 25) 

(726) 

(727) 

(7-28) 

(729) 


Vacuum, F'(j?, <£) = -— 1 .... (7*30) 

v COB 3 i! 

In the case of pressure the values of the function are negative ; the values 
in both cases are given in fig. 7 4. For pressure working, <f>=YJV 1 an( ^ 
about 0-5 to begin with, and decreases till P,-- P 0 , and — 

For vacuum, P a increases as the time goes on until P 2 = P 0 . We get, 

B F(j\ <f>)=ti {-constant . . . (7*31) 

For pressure, the constant is B F(or lf <£j), and the general equation is, 

BF^^/l+BFlr^J . . . (7*32) 


Now F(ar, <f >)= 0 when J=f4 and <£ = 1-0; so that, 

• 14-BFfe,^) . 


(7*33) 
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For vacuum, F'(a*, <f>)=7r/2 when <£ = 1-0, and wo got, 

f4=B{wy2-F # (jf,^)} = F/(jr^) - . . (734) 

Values of this latter function are given in fig. 7*4. 

If w T e wish to compare ti with the transit time /f>, 

/4 = B F(r, <f>), fG-B/ 4 ($ . . . • (7-35) 

we get /4//6 = F(-r, $)// 4 (<£), which can bo evaluated from fig. 71 and 5*1. 
Here it should be noticed that as 1\ increases /(> decreases, while t\ 



Fm. 7*4. — Functions giving the time for unsteady flow alter the cnek is turned off. F(.r, y>) 
assists in determining /4 ; sew Eq. 7 7 .‘<0. y<) is the time taken for the 

pressure in the tubo to reach I lb/m 2 above or below atmospheric pressure. See 
Eq. 7 40, 7 41. 


increases ; working with high pressure, the time for the pressure to fall to 
zero is longer than when working with low pressures. 

One may now ask, what are the numerical values of 14 ? 


1/B stands for 


3 

l 4£ OT L,,/ 2 »,„K L • 

_ IS /«r/CT\t3 3 0/ <’ T)i 

~L Q -‘lA 4 £ ) 2 "" 2 L 0 3 '- r 


which is the reciprocal of the dimension function in Kq. 6'OJ). 


(7-30) 
(7 37) 


In this, l-5(</CT)l = ]-5[(32-2)(27700)]l = 14l2 approx. . (7'38) 


(D/4£)4 varies from 1-20-5-35 for 1-in. to G-in, pipes, and. =2-75 and 
3*35 for 2J-in. and 3-in. tubes. 

L 0 */*= 164100, 302000, 465000 for 3000, 4500, 6000-ft. tubes. 


Therefore 


302000 

15 — (2-75-3-35) 1412 


=77-8 or 64-0 . 


(?'3!t) 
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For ordinary pneumatic tubes B will then vary from 40 to 100. I have 
also given F 2 (sc, ^), which is the function giving the time t" 4 for the pressure 
to fall to 1 lb/in 2 , which is a more definite point than the atmospheric 
pressure : it is not easy to determine just when the pressure reaches Po. 
as, theoretically, the time is infinite and the curve of the fall of pressure 
lies so near the zero line (see fig. 7'1). The values of F 2 (:r, <f>) for pressure 
and vacuum are obtained from, 

Y{x, <f>)- F(P=15*7, <£=0-933)=r4 . . (7*40) 

F(7t/2, 1) — F'(a?, <£) -r'4 . . (7*41) 

The results of tests gave : — 


Table 71. 


J"4 observed 

8, 13 

23, 16 

17 

28, 22 

00 

60 

60 

60 

110 

t ." 4 calculated 

9, 11 

23, 19 

21 

30, 2f> 

GO 

70 

77 

73 

130 

L in feet 

1900 

2790 

3070 

3000 

5430 

r.«oo 

6020 

7050 

12,610 

d inches 

4 

3 


4 

14 

n 

•4 

4 

3 


This shows that theory will give some indication of the time M. The 
small value in practice is probably due to the neglect of the effect of the 
velocity : 10 per cent, of li might be deducted to allow for this. 

The way in which the pressure in the tube just after the cock varies 
with the time is shown in fig. 7*3 : it seems to rise to its full value almost 
instantaneously, the reason being that the inertia of the air in the tube 
forms a buffer and the air in front of the cock is merely compressed, and 
not given a motion of translation for some moments. Certainly no motion 
occurs at the outer end of the tube for about 5 seconds, while the pressure 
at the cock may have risen to almost full pressure in 2-3 seconds. 

No expression for /I can be given, but it will vary from 3 to 20 seconds 
in tubes up to 5000 ft. long. 

Unfortunately, the greater number of the tests were made before the 
theory as to what the times fl, /4, etc., were likely to be had been deduced ; 
and so some of the points which might have been carefully noticed were 
overlooked. It would be desirable to have for such tests a water or mer- 
cury gauge which could be put in connection with the tube when the 
pressure was nearly at zero : by this means one could more accurately 
determine the point of atmospheric pressure. 

It was noticed in tests that immediately the cock was shut off the 
pressure in the tube dropped very suddenly when working with pressure, 
because of the relative rarefaction produced at the cock as the moving air 
continued its motion instantaneously at the same speed as before, in virtue 
of its inertia : shortly afterwards the motion became such that the pressure 
dropped steadily in accordance with the theoretical law. 
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CHAPTER VII.— SYMBOLS USED. 

Equation. Symbol Meaning. 


705 

a 

=ratio of unsteady time tl to transit time <6. 

7*22 

B 

— a coefficient. 

701 

L 

=length of tubo. 

716 

M 

= lb /sec during steady motion. 

701 

m 

=donsity of air ; which is m 0 at P 0 . 

707 

n 

= index of poly tropic expansion. 

701 

S 

=area of tubo. 

704 

tl 

=time of unsteady flow at the beginning. 

703 

t2 

= „ of steady motion while carrier travels. 

7 03 

*3 

= ft ft yy ft , t is at rest. 

7 33 

*4 

— „ of unsteady motion at the end. 

. . 

*5 

= transit time for intermittent working. 

7 05 

m 

= ,, „ for continuous „ 

701 

u 

= velocity. 

702 

W1 

-=air used during <1. 

702 

W2 

= „ „ „ <2. 

7*02 

W3 

== 1 1 99 91 ^3. 

702 

W4 

- J4— W5--W6. 

7*05 

W5 

= compressed air in the tubo — M f6. 

706 

W6 

—uncompressed air in the tube =m 0 SLu. 

7 29 

X 

=sin _1 q>. 

7 18 

a 

=a coefficient. 

7 09 

<P 

=p./Pi. 




CHAPTER VIII. 


METERS FOR GAS AND AIR. 

Necessity of metering gases in commercial work — Various types of meter — Methods of 
calibration — Direct and indirect methods of measurement and relative costs — 
Measurement by gas-holders — Measurement by containers — Measurement by 
displacement meters — Measurement by Venturi meters — Theory of Venturi 
meter — Friction loss in cones —Measurement by orifice meters when small pressure 
difference is used — Formula for quantities in such cases — Shaw’s unit of resistance 
for air flow — Various orifice tests — Orifice in pij>e line — Amount of pressure 
required for metering various quantities — Muller’s tests and theory — Tests on 
orifice in pipe fines — Commercial orifice meters — Sentinel meter — Kent meter — 
Measurement of quantity by oloetrieal methods — Thomas meter— Equations for 
quantities of gas heated by electrical energy — Anemometers — Necessity for calibra- 
tion in situ — Miscellaneous types of meters. 

The subject-matter in these three chapters, VIII., IX., X., is arranged 
generally as follows : there is a discussion upon the need for meters and 
the types of meter in use, followed by investigations into the various 
types of meter. On account of the length of such investigation in the 
case of Pitot tube and hot-wire meters, these discussions are retained for 
Chapters IX. and X. Nine methods of metering gas flow are summarised 
on the next page, and then follow the remarks and investigation nn each 
in detail. 

* The quantity of air or gas flowing in circuits or systems must be known 
in order to deal with the laws concerning the flow : the knowledge is also 
required in working with practical problems which can occur, for example : 

(а) In a compressed-air installation when it is required to know the air 
consumption of tools. 

(б) In pneumatic-tube installations where it is desired to know the air 
consumption of each tube. 

(c) In gas-engine work when one is investigating the question of obtain- 
ing the maximum efficiency, which depends upon the proportions of gas 
and air present ; the same question arises with oil engines. 

(d) In ordinary household gas supplies, where it is necessary to meter 
the gas used in each installation ; similar metering should be done on the 
mains if practicable. 

(e) In ventilation work when the contractors and engineers require to 
know how much air is being circulated among the various rooms. 

(/) In aerial navigation where a knowledge of the velocity of air currents 
is required. In such cases it is the velocity at a point which is required, and 
the velocity meters are to be preferred to the quantity meters. 

* An illustrated description of some types of meter discussed here is given in 
Engineering , vol. 107, pp. 261, 295, etc., Feb. 28 to Mar. 28, 1919. 
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In the first five cases it is desirable to know the costs of working the 
plant* in terms which admit of the overall efficiency of the plant being deter- 
mined. If a certain quantity of air is wanted at a certain pressure, then 
the minimum quantity of work which must be done is the work required 
to compress or rarefy the specified quantity of air by means of isothermal 
compression or rarefaction to the specified absolute pressure : the actual 
work (Jone will be much greater than this, on account of the losses in the 
machinery and in the various transformations of energy which are required 
in the various processes to produce the air at the requisite place and pressure. 

The greater the overall efficiency, which is the ratio - S() ^ - C - ™ - a ^ wor ^ - n ^ ? - . s . ?rZ , 

actual work done 

the less will be the cost of working the plant, provided the maintenance 
charges are kept constant. 

In all the above problems it is best to deal with the weight of air or gas, 
and not with the volume; and to reduce the weight to volume when the 
volume at a sjKscificd temperature and pressure is required. The weight of 
gas flowing is the only tiling which is constant about the flow of gases in 
circuits as usually dealt with. The volume of flow is only approximately 
constant in any case, and is variable if the density changes much. 

There are many different methods of measuring quantities, and different 
sorts of meters can be used according to what sort of flow is to be measured : 
the methods can lie roughly divided into the following nine types : — 

(A) Measurement by gas-holders. 

(H) Measurement in containers or receivers. 

(C$ Displacement meters. 

(D) Venturi meters. 

(ID) Orifice, float, or valve meters. 

(F) Electrical meters for quantities. 

((1) Anemometers : and miscellaneous meters. 

(H) Pitot tubes : dealt with in Chapter IX. 

(J) Electrical meters for velocities : dealt with in Chapter X. 

The last three types of meters measure velocity directly : all the others 
register quantities . 

One of the first questions which arises is that of calibration. Assuming 
ideal conditions and perfect instruments, the measurement of gas in gas- 
holders or in containers is absolutely correct ; such methods form the 
usual standards in calibrating meters. Displacement meters form another 
ready means of calibration, but are more complicated in form, and are not 
convenient for ordinary investigators to have at hand. The Thomas 
electrical meter, the Venturi meter, and the Pitot tubes usually require a 
small correction coefficient, the need for which prevents them being used as 
primary standards ; but they are quite satisfactory for rough work without 
being calibrated and without the actual coefficient being known. Float 
and valve meters, ordinary commercial meters, and anemometers are quite 
useless unless the calibration is known. 

Velocity meters can be approximately calibrated by passing them through 
still air at known velocities, which is the common method of calibrating 
Pitot tubes, for water and air. 

Aaother method used by Threlfall was to inject smoke into a current 
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of air and to watch the travel of the smoke and assume that it travelled at 
the same speed as the air. 

In order to determine the velocity of air currents absolutely, Stanton 
(Nat. Phys. Lab. Res., 1/247/1905) used a specially made anemometer, which 
consisted of four very light vanes of aluminium placed at approximately 
45° to the direction of air flow. The vanes could be rotated horizontally, 
and were suspended upon rollers which could travel up and dowti at an 
angle of 45° to the horizontal. An air current flowing vertically downwards 
tended to drive the vanes and rollers down the plane on which the rollers 
rested; but if, at the same time, the vanes were rotated horizontally at the 
same speed as the ait current, there was no force tending to move the vanes 
and rollers. The velocity of the air current was therefore given directly 
by the rate of rotation of the vanes. The force of the vanes due to gravity 
was counterbalanced by weights. The actual shape of the aluminium vanes 
was such that the intersections between cylinders coaxial with the direction 
of air flow and the vanes were helices at 45° to the horizontal. 

As regards accuracy, in scientific work, if the readings and observations 
are made to less than 1 per cent, accuracy, the humidity of the air must 
be considered (see Chapter 1.) ; such refinement is unnecessary for com- 
mercial work. 

The only definite quantity which remains constant when gas or fluid is 
flowing in a circuit and through a meter is the weight, and even this will 
only remain constant as long as there are no leaks and no condensation 
on the walls of the circuit. In all gas meters, the pressures, velocities, 
specific volumes, or temperatures differ — perhaps inappreciably— at the 
two sides of the meter, even if the area of the circuit remains constant : 
this difference is due to the loss of pressure in the meter : therefore velocities 
or volumes as read by the meter can properly only apply to the circuit at 
one or other side of the meter. 

Meters of the following types may be required : — (a) Indicating, (b) 
integrating, (c) recording, which measure respectively : — 

(a) The instantaneous quantity, or velocity, of air or gas : which will 
be given directly by orifice, Venturi, electrical meters or static anemometers. 

(b) The total quantity of air or gas which passes in a day or any other 
period of time, which will be given directly by gas-holders, displacement 
meters, and anemometers. 

(c) The approximate quantity of flow at each moment over a long 
period, which will be given by any of the above meters when associated with 
suitable recording devices, on the assumption that the pressure and tempera- 
ture of the gas or air in the pipe at the meter is constant. 

(d) The accurate quantity at each moment over a long period, which 
will be given by any of the above, when in addition to the recording devices 
there are also devices for compensating for variations in the pressure and 
temperature. 

Wing (Proc. Amer. Gas. Eng., 9/G77/1 91 4) describes methods of measuring 
large quantities of gas and discusses the direct methods of measurement, 
which include the use of diaphragm meters, gas-holders, wet-drum meters, 
calibrated exhausters ; and the indirect methnds by use of inferential meters, 
such as velocity meters, shunt meters, calorimeters. He mentions the 
Wylie shunt meter, where a portion of the gas is shunted through the meter. 
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He quotes Weymouth’s formulae for flow, but omits to state the units in 
which the quantities are measured ; and states that the Pitot tube meters may 
be as much as 10 per cent, to 20 per cent. out. There are many comparisons 
of flow as measured by different methods. He gives the comparative initial 
costs of different types of meters, for main stations, as : — 


^et station meters . 

100 per cent. 

See Division C. 

Rotary or blower meters . 

50 

99 

„ C. 

Electric (Thomas) „ 

38 

99 

„ F. 

Proportional „ 

30 

99 

„ E. 

Venturi „ 

12 

99 

„ D. 

Pitot „ 

i » 

99 

Chapter IX. 


and in his fig. 12 shows the comparative costs of maintaining the wet meter 
and the electrical meter : the latter meter is more economical when the flow 
to be measured exceeds 25,000 cu. ft/hr. If the above figures are true, 
one would expect the Venturi meter to be used mostly, as it is on the whole 
quite accurate. 

fiendermann (Zcit. Ver. Deut. Ingr ., 53/13 & 142/1909) describes many 
types of commercial meters for steam : many of these are also mentioned 
by Orr (Mech. Engr ., 24/70 & 94/1909), but in this latter case they are 
considered from the point of suitability for compressed-air work also. Orr 
states that the Kennedy displacement meter will give readings to within 
1 per cent, accuracy when used for air : he mentions the Worthington and 
Kent positive meters, but gives no description of them. Lindcnheim of 
Berlin in 1&J96 introduced the inferential meter, consisting of vanes rotating 
in the pipe : in this meter a coned pulley transmitted the revolutions of the 
vanes to the dial, and the position of the dial pulley relative to the coned 
pulley was determined by the pressure in the main, so that readings were 
automatically compensated for pressure variations. Other meters depend 
upon the float principle, in which the displacement of the float is controlled 
either by the weight of the float or by a spring ; these meters work either 
with a varying cross section and a constant, control or with a constant cross 
section and varying control : such meters are orifice meters. Bendermann’s 
and Baeyer’s meters of this type are given in fig. 10 in Orr’s paper, and are 
also illustrated in Bendermann’s paper. Orr also mentions the American 
St John, and the Sergeant meters, but does not describe them. 

Phillips (Elec. World , 68/8G6/191G) discusses shortly the question of the 
incorrectness of steam meters when used to measure pulsating flow : his 
tests showed that the reading needed a large correction factor, but the exact 
type of meter used by him is not stated. 

A. Measurement by gas-holders. 

This is a perfectly accurate method if the mean temperature of the gas 
or air in the holder is known, as well as the pressure and volume : there is 
no difficulty in knowing these latter, while there is serious difficulty in 
determining the mean temperature : the holder is usually relatively large 
and the temperature may vary from one side to another, or from the bottom 
to the top, and a good many temperature readings at different points are 
necess&ry to determine the true mean. The temperature may vary also in 
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the time during which the readings are taken, 
into or out of such gas-holders is, 


M=V'm'-W = 


V'F 

CT' 


The quantity of gas flowing 


Y"P» 

- Qp* • 


(801) 


where the suffix ' refers to quantities at the beginning of the test or experi- 
ment and the suffix " refers to the quantities at the end. 


B. Measurement by containers. 

This is a common method for determining the output of compressors, 
but is likely to be exceedingly inaccurate if the temperatures are in- 
accurately known. The size of the containers is usually small, and there is 
no ready means usually available for inserting thermometers in the interior 
of the container, and the variations which go on in the gas or air do not 
communicate themselves quickly to the outside of the plates forming the 
container. The method is satisfactory for use as a standard if one employs 
high pressures with accurate gauges, so that the range of pressure is great, 
and if one allows the temperature to attain the normal, or attain a fixed 
temperature when readings are taken : this can only be done if a relatively 
long time elapses after each time that air has flowed out of the container to 
the instruments under test, during which period of rest the air in the con- 
tainer can regain heat after it has been cooled by the expansion during test. 
This method has been employed by Durley when calibrating orifices. 

The equation for weight of gas is, 

M = V'm' — W as V' is constant * . (8‘01a) 


C. Displacement meters. 

These meters possess a drum or a piston which passes through a definite 
space at each revolution and displ aces Vh ate ver fluid may be in that space : 
the quantity displaced is accurately known if there is no leakage past the 
moving parts. Such a meter is employed by George Kent & Co. in the 
Rand Mines Calibration Riant, and is illustrated in their catalogue dealing 
with air meters. The ordinary household gas meters are worked on the 
same principle, but they are generally only useful for work at or about 
atmospheric pressure. Fritzsche used such a meter as his standard in his 
experiments. 

The Kennedy meter, which is described by Kempe (Year Book , p. 775) 
is a well-known displacement meter for use with water : it can also be used 
for air. 

The ordinary gas meter used for household work includes two compart- 
ments, each made in the form of a bellows : these are filled alternately 
with the gas, and the number of times each is filled determines the quantity 
of gas jiassing through the meter : as soon as one compartment is full of gas, 
the mechanism is so arranged as to turn the gas into the empty compart- 
ment and to actuate the dials on the meter. These meters are on the whole 
very accurate, but the rate of flow through them is relatively slow as com- 
pared to the size of the meter, and, for accuracy, the meter must not be 
worked at a high speed. 


10 
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About 1 to 2 per cent, of commercial meters in use are found to be 
inaccurate by more than 2 per cent, when tested by Public Departments. 

The disadvantages of displacement meters, except for calibration pur- 
poses, is the low rate at which any fluid can pass through them. The 
faster they work the more friction there is and the greater chance of leakage 
past the moving parts. The mechanism in the ease of the reciprocating 
meters also complicated. 

Root’s blowers and other similar blowers can be used readily for roughly 
metering large quantities of air or gas, once they have been calibrated under 
the conditions in which they will work. But the quantity M displaced by 
blowers depends upon three variables, namely, the inlet and the outlet 
pressures P 5 and P 2 , and the speed of the blower n. With any two of these 
factors fixed, quantities vary as the other factor varies. 

Displacement meters are of considerable weight, as can be seen from the 
following table of particulars of wet-drum meters for gas works which is 
given by Wing (Proc. Amer . Gas. hist., 9/677/1914) : — 


Taule 8*1. — Wet Station Meters. 


(Ju. ft. 

Lb. 

Size of 

Usual pipe 

Weight of 

Total weight (lb. ) 

per hr. 

per sec 

meter. 

connections. 

meter. 

of meter with water. 



ft. 

in. 



8,000 

*087 

4 

8 

3,800 

6,000 

21,750 

*23 

0 

10 

8,750 

16,100 

40,000 - 

*43 

8 

12 

16,600 

33,800 

92,000 

1*0 

12 

10 

44,500 

102,000 

200,000 

215 

10 

24 

95,000 

231,000 


In Comp. Air , 19/728/1914, a description is given of a volumetric meter 
for measuring the consumption of air by rock drills : no reports of tests 
of the meter in use are given. 

D. Venturi meters. 

The principle of this type of meter is so well known that a description 
is almost superfluous : the general nature of the meter is shown in fig. 8*1. 
A converging pipe and diverging pipe, between which is the throat, are placed 
in the pipe-line carrying the gas or air to be measured : owing to the in- 
creased velocity, the pressure at the throat falls and the quantity can be 
determined by noting the pressures at the inlet and at the throat. 

This type of meter is perhaps the most satisfactory for permanent use in 
pipe lines where large quantities are to be measured : the meter causes a 
very small loss of pressure and is accurate : whereas Pitot tubes may cause 
a smaller loss of pressure, but are not so accurate. But the long converging 
and diverging cones take up a considerable space ; and the manufacture of 
the cones and of the throat, which must be very smooth, makes the whole 
affair expensive. 

The formulae and theory governing the flow in such meters are as 
follows : — 
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The pipe in which the fluid is flowing is contracted gradually, so that 
the velocity of the fluid is increased without any abrupt changes, and the 
pressure gradually falls ; the work which the fluid can do in virtue of the 
fall of pressure is spent in creating the increased kinetic energy of the fluid, 
neglecting that amount of work which is done in friction. The length of 
a Venturi meter is so small that the extra work done in friction due to 
decrease in diameter, though not negligible, is immaterial in commercial 
work. 

Assuming that the factors with the suffix 1 refer to the fluid at the 



p, — P/ is tho pressuro lost in the meter. 

u 1 '—n 1 is tho increase in velocity duo to tho decreased pressure. 
S 1 =S 1 ', T 1 =T 1 ' usually. 

Fia. 8*1. — Venturi meter: theory. 


entrance or the exit of the meter, and that the factors with the suffix 2 
refer to the fluid when it is passing through the contracted portion of the 
pipe, we get the following equations for adiabatic frictionlcss flow : — 

Work done = increase in kinetic energy. * 


M=M 1 S 1 w/ 1 = M -J^- 1 =« 8 S 8 «/ 2 =“^ a , and = 

••• wti=w2 © y 
Then from the first equation we get the velocity u 2 at once, 


M 


Y-l 

V 


(802) 

(8*03) 

(8*04) 


• ‘ 8o6 » 


Some American writers deduce the quantity in cubic feet at once, which 
appears to be unsatisfactory, as the correction for temperature and pressure 
has to be made. The better way is to find the quantity by weight at once, 
and then to determine the volume at the desired pressure and temperature. 
However, the equations in both ways are, 


Cu. ft. per sec. at T 2 =Q 2 =S 2 u 2 
Cu. ft. per sec. at T 0 =Q 0 =S 2 m 2 ^®^=S 2 m 2 ^ Pi p" 


i-‘ \ 


(8-00) 
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Lb/scc=M=S 2 « 2 m 2 =S 2 « 2 .« 1 (^) V =S 2 M 2c ^(^y 


m=8 .(***)»—- 

VOT, 

2*7 y 

f ' ©? 1 


(y-1) 

f-mm 


P l 

This can be made simpler if we put *rr= - 

P i x 

= cf>, and then we g 


(8-07) 


consisting of terms. 

Quantity = area, initial conditions, qualities of fluid, ratio of pressures, 


being 


M=S 5 


2 , 

VTi 




( 2 ry \V X 

©*) 


. (8’07a) 


Now the volume at P 0 , T 0 in cubic feet is M/w 0 , where m Q stands for the 
density at the standard temperature and pressure : there is no need, there- 
fore, to bring in the factors !*<, and T (J as is done in Weymouth’s formula. 

In actual practice, as there is friction, some of the work done is lost, 
and the velocity u 2 is less than that given by the formula, so that the 
quantity for any particular reading p 2 is less than that given by the formula : 
the difference being about 5 per cent, or less. 

The formula is not convenient because of the fractional powers of the 
ratios of the pressures ; and if the ratio of pressures is large, the area of the 
throat must be correspondingly reduced, which creates a relatively large 
friction loss owing to high velocity of the fluid. 

In these formulae the value of C refers to the fluid, and if one is dealing 
with gases C=(C for air)/p, where p is the specific gravity as compared 
with air. 

Weymouth’s formula for the cubic feet of fluid flowing per hour is then 
deduced as, 


Cu. ft/hr=210840 S 


T 0 Vi 

% \/Tj 



-(wH 


(8-08) 


In these formulas, no account has been taken of the friction and the 
contraction of the jet as it goes through the cone. The contraction is very 
slight and the friction is almost negligible, but the combined effects of the 
two, cause the actual quantity delivered to be about 0-94 to 0-97 of the 
quantity registered by the formula. This coefficient must therefore be 
incorporated in the equations for quantity. Taking this coefficient as 
c=0-95, we get, 


M = 




V f 2qy \ 1 — k 


(809) 


X =P 1 ) £P S! =l+ a > where, if a is small, o=(P 1 -P,)/l > 1 =(P 1 -P 2 )/P 2 , j3=S ss /S 1 . 
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If we expand the expression in brackets, we get. 


2^(l-|-a/2y) 1 

Ll+2a/y+(4-2y)/v 2 )a 2 -fi 2 J * 


_1 +2 a/y+ (4— 2y)/y 8 )a 2 — j3®J 
If now we neglect both a and ji as compared with 1, we get. 


(810) 


M = ( S 2 [^- 2 sr(P 1 -P 2 )]*=cS 2 [ 2 ! 7 (P 1 -P g ) Wi . 1 ]J . (811) 

which is the orifice formula or the Pitot tube formula, if S 2 is left out. 

In Cassicrs Mag., 15/41 1/181)9, IJerscliel gives a good description of 
Venturi meters used for water, and in the article are illustrations of some 
meters in large pipe lines. Coleman (Trans. Amer. Soc. Mech. Engr., 
28/483/1007) describes fully some experiments made on the flow of air as 
measured by Pitot tubes and Venturi meters. Coleman states that the 
probable velocity of the air in the throat is 100 to 300 ft. per second, and 
that the coeflicient of contraction amounts to 0-04 to 0-99. 

Gibson (Proc. Inst. G.E . , 199/391/1914) deals with the causes for varia- 
tion in the Venturi meter constant c, for use with water, and says: (1) 
Friction will not affect c by more than 2 per cent, as long as the diameter 
of the pipe exceeds 2 in. (2) With low velocities the destruction of the 
eddies and the steadying of the motion at the throat causes an increase in 
the apparent kinetic energy at the throat. (3) The constant is lower 
measuring pulsating than steady flow, and is increased when there is a 
whirl in the water approaching the meter. 


E. Orifice meters. 

In this section we only deal with orifices in which the pressure lost is a 
small fraction of the pressures existing at either side of the orifice : there 
are three different cases to be dealt with. 

(a) The first concerns a circular orifice at cither side of which the pressure 
is atmospheric : (b) the second is when the orifice plate is placed in a pipe 
line and the pressures are not atmospheric : (c) the third is the case of 
ordinary commercial meters using the orifice principle, but in which the 
shape of the orifice is not always circular. 

Case a . — An orifice meter with one of the sides open to the atmosphere 
can be made with very little expense, and if properly made is accurate enough 
for commercial purposes. All that is required is a well-constructed wooden 
or metal box, which will not leak at small water gauges up to about 6 in., 
at one end of which is an orifice plate, preferably with sharp edges, but 
this is immaterial if the plate is thin. At the other end is placed the con- 
nection for the entry or exit of the air or gas. A thermometer and a U-tube 
water gauge are also required. The coefficient of delivery for the orifice 
is 0*6 to within 5 per cent, if the area of the box is greater than 20 times 
the area of the orifice, and the length of the box is sufficient to prevent the 
velocity of the air approaching the orifice having an appreciable effect 
upon the pressure behind the orifice. 

The deduction of the various formulas for the flow from such orifices 
follows here. We assume that the air is at atmospheric pressure, and that 
the pressure at the back of the orifice is only a few inches of water, an& that 
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air is flowing out of the orifice : the formulas hold equally well if the air is 
flowing from the atmosphere into the orifice. 

The theoretical velocity of efflux is, u=[2g(Y 1 —Y 2 )/m 1 ]^ . . (8*12) 

The actual velocity of efflux is, c 1 w=c 1 [2^(P 1 — P 2 )/m 1 ] i . (8*13) 

where C[ is the coefficient of velocity. Then there is also the coefficient of 
contraction, as the velocity u is measured at the centre of the jet and the 
jet does not fill the whole area of the orifice : the effective area of the jet 
is taken as c 2 S, and the two coefficients may be combined into one which is 
called the coefficient of delivery, c=c x c % . The delivery from an orifice 
becomes, in Ib/sec, 


M=j7rD 2 />/ 1 c[2 5 f(P 1 -P 2 )/^ 1 ]i (8*14) 

=0*785 D 2 ([2(/(P 1 ~P 2 )m 1 ]l using r ='6 . • (8*14a) 

= Sr [2/7( P x — P 2 ) w J 1 =4-81 S[(P x-PJmJl . (8*146) 

= S( \2jmh' mjl = 0-0334s( w'A' «/ x )* . (8* 1 4r) 

-O-f"??*} . (814,) 


m is the density of the liquid in the U-tube, and In' is the height of the liquid 
in feet. If we now measure the orifice pressure in inches of water, and use 
the pressure in lb/in 2 and take the diameter in inches, then 


The quantity of air at p 0 = 14-7 ; p=10. 

M=0-378^[{,"] l =0-478 •[*' J 1 — 68-7 s[J," j 1 


(814c) 

(814/) 

( 8 - 14 . 9 ) 


(8*14A) 


The quantity at normal temperature, T=521 abs., is, 

M=0*01C55 d*(hy .... (8*14 j) 


The quantity of air or gas in cubic feet at Po. To is, 



_ „ ^ » rA"CT 1 i‘ 

Q=0-10<Pc[ ^ J . . . 

• 

. (8-16) 


=0-438 4^=0-0365 <(*[— 
LPipJ Lpip- 

i 

. (815a) 

•* 

=0-217 (Air) = 0-362 ccP(hy (Air) . 

. (8156) 



METERS FOR GAS AND AIR. 


133 


The volume of free air passing through orifices 1 in. to 5 in. in diameter 
at water gauges h n is as follows : — 

Diameter of orifice . 1 in. 2 in. 3 in. 4 in. 5 in. 

Quantity, cu. ft/min . 13\A* 52 \fh” \Yly/h" 209\ZA* 326\/A ,r 

The above formula are for rough use only, as they include the coefficient 
of delivery as 0*60, which is only an approximation. If accurate figures 
are required it is necessary to use more accurate values of c: Durley 
(Trans. Amer . Soc. Mcch. Engr ., 27/193/1906) gives a table of values of c 
for small orifices. A full report of air flow under small pressures is there 
given. He says that Weisbacli’s equation for orifice flow gives a coefficient 
0=0*555 to 0*589, when the head producing the flow varied from 22 in. to 
37 in. : he also quotes Flicgner's equation for the flow from containers to 
atmosphere, when the absolute pressure at the back of the orifice is less 
than two atmospheres, as, 

M=l*O60(144)8[7? 0 (p 1 -7? o )/T 1 ]l (Eng. units) . . (8*16) 

Durley gives the equations for theoretical discharge — neglecting c — as, 

M=2-51 s[ / '^ , ] l = 0 - 01 37^[^]*=°-63^''] 1 . (817) 

for the flow when the pressure is atmospheric. Up to about 20 in. water 
gauge these equations give the same results as the more exact adiabatic 
flow equation. In Durley’s tests the actual flow was compared with that 
given by the above equation, and thus the value of c was measured. Quan- 
tities of air were measured by Fitot tubes, and the results of the tests gave 
values of c as shown in fig. 8*2. Durley’s conclusions concerning orifice 
flow are : — 

(i.) c increases as h n increases for small orifices less than 2 in. in diameter. 
c=0*60 for an orifice 2 in. in diameter, and is independent of the 
head causing the flow. 

• c decreases as the head h" increases for large orifices, greater than 
2 in. in diameter. 

(ii.) When the head is kept constant, c decreases as the diameter in- 
creases ; this means that relatively less air will flow out of a 
big orifice than out of a small orifice. 

(iii.) c is independent of the temperature between 40° and 100° F. 

(iv.) c is independent of the ratio of the area of the box and the orifice 
if this ratio is greater than 20 ; that is, the ratio of box area 
S x to orifice area S 2 must exceed 20. 

These results were for orifices in a plate 0*0571 in. thick with square 
edges, not bevelled in any way. But the interior of the edges of the box 
behind the orifice plate was rourded off, which would, I think, tend to 
give a higher coefficient of discharge than with the orifice plate placed 
directly in the wall of the box. 

Ashcroft (Proc. Inst. C.E. , 173/289/1908) describes the use of an orifice 
for measuring the supply of gas to a gas engine. 

Dalby ( Engng ., 90/380/1910) describes some tests made on gas-engines 
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in which the quantity of air and gas consumed by the engine was read by 
an orifice meter. The box area was 2*66 sq. ft. and the orifice was j in. 
in diameter, S 2 =0*00214. In these tests c varied from 0*58 to 0-62 : Dalby 
states that 0-60 is a suitable value for general use. His approximate 
formula was, 

M . - . (8-18) 

where // is the specific gravity of the liquid in the U-tube. 

The above formula is accurate if c=0*57, and is obtained from, 

M=cSmd27(l^-iy/^i] i =c(V144)[2^ 62-4 p'h'inrf . (8*19) 

Now, if c^0*60 and <7=32*2, M = 0*264s[p'^'wi] i . 



Figures on curves give orifico diameter. Figures on curves give water gauge. 

Fia. 8 2. — Coefficients of delivery from pure orifices at low pressures. (Durloy.) 


Harris (Compressed Air, p. 29) also mentions orifice flow, and gives 
the equation for velocity, u=[2gh''(5‘2)/?n 1 ]b, and deduces the ordinary 
equations. 

Shaw ( Ventilation , p. 12) states that a circular orifice approximately 
6 in. in diameter will deliver 1 cu. ft. of air per second when the water gauge 
is 0*015 in., which equals one foot of air. Then he chooses such an orifice 
as the unit of resistance for air currents : so that unit aero-motive force 
( = 1 ft. of air) produces unit current of air ( = 1 cu. ft/sec) through unit 
resistance (=6-in. orifice). This unit of resistance depends upon the 
coefficient of contraction for the 6-in. orifice. Shaw makes two statements : 
first, that 1/27 ft. of air ( = H) drives 1 cu. ft. of air through an orifice 
1 cu. ft. in area : this gives, 

Q=l=cSu=cS[20/27]* .... (8 ’20) 

therefore c= 0*647. 
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Now he deduces the unit of resistance from, 

(unit head) x (unit area) 2 =(unit vol.) 2 

(1/27) x (unit area) 2 = 1 

Unit area = [1 /27 ]* — 0 1 925 =0*7 85D 2 , D=0-495 ft. 

d =5*94 in. 

Then on p. 12 he states that unit head, or 1 ft. of air, gives unit flow through 
a 6-in. orifice, in this case c=0-62G. 

Watson and Schofield (Proc. Inst. M.E . , — /51 7/191 2) describe tests on 
the quantity of air delivered through orifices 1 in. to 2 in. in diameter at 
pressures of \ in. to 2 in. of water, the pressures being both steady and 
pulsating. Most of the orifices were made with sharp edges in a 0*4 -mm 
tin plate; but some tests were made with the edges slightly rounded, in 
which case the coefficient of discharge was increased as follows : — 

Orifieo Per cent., increase Pressure 


diameter. in delivery. (approx.). 

2 in. 1*7 1 in. 

1 „ 0 - 2 - 1-8 1 „ 

1 „ 4-8-51 1 „ 


If orifices are placed in a box in parallel, a disturbance in the coefficient of 
delivery will arise unless the distance between the centres exceeds 2-| times 
the diameter of the orifices. 

Three different sizes of orifice box were used, viz. 57"x25"x25", 
38" x 17" x 17", and 28"xl3"xl3". It was found that the coefficient of 
delivery, c, varied with the same orifice in different boxes ; this is contrary 
to Durley’s result., where c was invariable if the ratio of box area to 
orifice area exceeded 20. The values of c varied between 0-59 and 0-02 for 
different conditions, as is shown in fig. 8’3 : the results may be summarised 
thus : — 

(a) c for a fixed orifice decreases as the pressure increases. 

( b ) c increased as orifice diam. increased for the 13 x 13 box. 

c was constant „ „ ,, for the 17x17 „ 

c decreased „ „ „ for the 25 x 25 „ 

(c) For commercial work c may be taken as 0-60 without serious error. 


Watson and Schofield used the orifice and box to measure the quantity 
of air supplied to an internal combustion engine ; owing to the pulsating 
flow the pressure in the box underwent cyclic variations, represented by 
hz=h, Q {\-\-a sin cut ), where h 0 was the mean pressure registered on the gauge 
and ah 0 was the amplitude of the variations : the coefficient of delivery is 
reduced in such a case, the value for use with the ordinary formula? being 
found from the value of c when the pressure is steady, by multiplying by 


a correction factor, 1 — ^ 
lo 


15a 4 
1024 ’ 


as given in fig. 8*4. 


The correction is 


small for the values which would ordinarily be experienced. 

Orifice flow : case b : orifice in pipe line. — An orifice plate may be in- 
serted in a pipe and the drop of pressure at the orifice noted, but in this 
case the connection between the loss of pressure Pi— P 2 and the quantity 
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Fia. 8‘3a. 
at 



, — Coefficient of delivery from orifices ; giving the variation with size of orifice 
various pressures measured in inches of water. (Jiven by Watson, p. 632. 



0 -5 hO f'5 2-0 

Head in inches oF water 


Fra. 8 3b. — Coefficient of delivery from pure orifices in different orifice boxos ; depending 
upon pressure. Figures on curves give orifice diameter. 
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M is not theoretically determinable, because the coefficient of contraction 
depends upon the ratio of orifice area to pipe area, to ratio One 

cannot make this ratio very small, say 20 without producing a 

relatively large loss of pressure in the pipe line at the orifice. The coefficient 
of contraction c has therefore to be determined by experiment, c will 
vary from 1-0 when the orifice area = pipe area, to a value 0*60 when the 
orifice is quite a small portion of the pipe. According to the table of 
constants which George Kent & Co., Ltd., give with their orifice meters, 
M=constant [(Pi— P 2 )Pj/Tj]*, where the constant is fixed for any particular 
size of orifice in any particular sized pipe. The coefficient depends only 
upon Dj the diameter of the pipe, and J) 2 the diameter of the orifice. If 
now a series of tests were made and the results were published, showing 
how c varies with the ratio T>JY> 1 for various sizes of pipes, it would be 



Fig. 8*4. — Factor with which to multiply the coefficient of delivery from orifices, when 
the pressure at the back of the orifice is variable. Given by Watson, p. 637. 


possible to know the coefficient of contraction approximately when an 
orifice plate of any particular size is inserted in any pipe. 

The loss of pressure which occurs at the meter is, 


M 2 Q 2 .*'! Aj 

1 2 _ S 2 *t V ! _ S 2 V 2 2 7 “ c 2 2 !) • 


(8-21) 


For various types of work we find the quantities which can be metered 
for any loss of pressure : — 


[TabIe. 
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Table 8‘2. — Loss of Pressure in metering Various Quantities. 



Type of circuit. 


Vacuum at 

Ventilation 

Compressed air at 

1 

iPo- 

atpo 

70 lb/in 2 gauge. 

Loss of pressure at the orifice, 

2 

i 

10 ^ 


inches water. 





Density, lb/ft 3 

Lb/sec., M 1 

d — orifice diam. inches j 

0382 

*0221^ 

•0764 

•015W- 

-<158 

•172^ 

English 

units. 

Cu. ft. per min. 1 

Free air = 60Mv o f 

17 'hP 

12‘3rf 2 

]3fxP 


Pressure in pipe line 

\ litmus. 

atmos. 

5 kg/em 2 gauge 


Loss of pressure at the orifice, 

f)0 

10 

2b0 


nun water. 

Density, kg/m 3 

061 

V22 

6*0 

Metric 

Kg/sec x (10)° \ 

d — orifice diam., mm f 

15 4rf- 

9’7i/ 2 

1 

108'/ 3 

units. 

Cu. metres/min x (1000)1 

Free air = COM i» 0 f ' 

0*760r/ 2 

0*478</“ 

5-aorf 3 



The metric (piantitieH arc obtained from M =0*8S (19 , (>2???/i) i . 
The English „ „ M = 


Moss (Amer. Mach., 19/368/1906) gives a great number of formulro for 
orifice flow for air and gas : his formula cover the three conditions of flow, 

when P 1 — P 2 <0 01 P x 

when Pj— P 2 >001P 1 and <0*10 L\ 
when Pi— P 2 > 0*10 and <0*50 I\. 

The orifice flows we have been considering lie in the first two groups, 
or at least partly in the second one. But the third type of flow, when the 
loss of pressure in the orifice is a big fraction of the pressure at the back of 
the orifice, is dealt with in Chapter XI. Such a type of orifice is not ordi- 
narily used for meters, as it is much too costly, except when the orifice is 
also used as a load in testing compressors. If one is running a compressor 
which is to deliver, say, 91 cu. ft. or 7 lb. of air a minute at 60 lb. pressure, 
then a definite orifice may be used which will just deliver that quantity 
at the specified pressure. Moss calls attention to the fact that the fractional 
expression 

]/[l-(P 2 /P 1 )*/r(S 2 /S 1 )*]l. . . . (8-22) 

which occurs in the Venturi meter formula, is an integral part of all orifice 
formulae, but that it usually differs from 1 by so little that it is neglected. 
This occurs when the ratio of SJ &2 i® greater than 20. 

Muller (Z.V.D.I., 52/285/1908) describes tests upon the coefficient of 
contraction for pure orifices used in four different positions, namely, (i.) in 
a container, (ii.) for a container with a short pipe outside, (iii.)for a short 
pipe ending in an orifice, (iv.) for an orifice in a pipe line. He measured 
quantities of air by means of containers : the air was taken as having 60 
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per cent, moisture, as the percentage varied from 50 to 70 ; the density was 
calculated from m=13-6P'(mm mercury)/(CT) = P/(CT). 

For a pure orifice in an infinite plate, which is equivalent to the orifice 
in the side of a container, in which case the velocity u x = 0, Miiller puts, 

V P 4 / 2 

H=™ 1 --“=>(H £) .... (8 23) 

wij m 0 2.7 v b/ ' ' 

where £ is introduced to cover friction, and H is the feet of head of fluid 
causing the flow. 



Case I. Case II. Case III. 



L L J 





3 


r 

Si 

LL_ 


Case IV. 

Fia. 8'5. — Orifice flow : Muller’s thoory. 


Also we have S 0 =vena contracta = c 2 S 2 . 

«o 2 0+f)= 2</H .... (8-24) 

^=^(^H)i=Ci[2^(PiK-PoK)]l . . (8*24a) 

Therefore, c 1 = l/(lH-^ : ) . (8*25) 

and the volume delivered is, 

S 0 w u — c 2 S 2 c 1 (2<7H) i = cS 2 (2#H ) 1 . . . (8*26) 

For a pure orifice, delivering air to an open atmosphere, c becomes 
approximately 0-597, and is independent of S 2 . 

Muller also tested the flow for three other conditions, viz. : — 

(ii.) Flow from a container with an orifice and short pipe outlet. 

(iii.) „ „ „ „ „ at the end of the short pipe, 

(iv.) „ through an orifice in a pipe line. 

The value of c for each of these cases is given in Table 8*3. 

The value of c for an orifice in a pipe line is not the same as for the same 
orifice in the side of a container : further, assuming that we have a head H 
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delivering a. quantity of fluid Q through the orifice in the case of the pipe 
line, this quantity is not cS 2 (2</H)l, but is and k does not equal c. 

In each case Muller compared the actual quantity Q which flowed with 
the theoretical quantity Q' obtained from the equation, 


Q'=S 2 (2. 9 H)». 

The value of k depends upon the coefficient of contraction in the orifice 
and also upon the ratio of the orifice area to the pipe area, when it is asso- 
ciated with a pipe : this ratio Sg/S t =r. The equations for the flow in the 
case of an orifice in the pipe line, which is the one in which we are chiefly 
interested as regards metering quantities, are as follows (see fig. 8‘5) : — 

Q=w 0 S 0 =WjSj=--m 0 cS,; when the alteration of density is neglected, 
owing to the small difference between the two sides of the orifice. 


Pi 


!/,- 

»h ‘ 2 /’ 


F «l\ ,rV, KzAL 2 

1 2 7 lfh 2 j 


Wf ' 2/ 2/ 2; 

where / stands for the friction in the pipe, 


. (8-27) 

. (8-28) 
. (829) 

l/r=r | [1/Jfc* -r a /L]‘ . . ... (8-30) 

Muller’s values for k and c in various cases are given herewith (see 
fig. 8 6) : — 


and 

therefore 


S 2 

s 


p, P'l n Q“ , / Q QV Q* 

nq" w'.l ' J S, 2 1 \rS 2 SJ " FS 2 2 

,*/l , ri i , n \ 2 


Table 8*3. — Values op k and c (Muller). 



cZ 2 ~ 23 *4 

*0816 

36-0 

•193 

439 

•2875 

5*2*2 

•406 

62*1:5 mm. 
•578 

I), = 81*9 mm. 

i. 

ii. 

iii. 

iv. 

-597 

( k— *4)32 
602 

f* = *603 

1 r = -602 

/ *= -641 

1 c= *609 

*689 

•610 

'59S 

•685 

•582 

•(544 

*633 

•750 

*621 

•851 

•644 

*596 
■764 1 
•571 f 
*757 1 
•691 1 

1 *084 1 
•697 J 

Pure orifice. 

Orifice fallowed by 
short cylinder. 
Short cylinder end- 
ing in orifice. 

Orifice in pipe line. 


The reason for the value of k which is greater than 1, is the fact that 
the pressure rises between the orifice and the point P', and the velocity 
falls : the head available for driving the air or gas through the orifice is 
really much more than P— P\ 

If we can assume that c is constant for each particular ratio of T)JD l9 
=r’ 6 , then one can determine k for any orifice in any pipe when particular 
values of £ and m are chosen. If the friction term r 2 /L is neglected, then 

r+l/£=l/c, and *=c/(l — or) . • (8'31) 
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The way in which c varies with r is not fully determined in Muller’s 
tests, and therefore it is not possible to draw up a complete table for the 
values of k to cover general cases. The friction will usually be negligible 
unless highly compressed air is being metered. 

k will usually be less than 1, so that 1/A: 2 is greater than 1. 



Ratio oF Orifice Area to Pipe Area . 


A, for orifice at the end of short pipe. C, for orifice in a plate, pure orifice. 

B, „ in a pipe line. D, „ at entrance to the pipe. 

Fig. 8*6. — Coefficient of delivery from various types of orifice depending upon the ratio 
of the orifice area to the area of the pipe. Given by Muller. See fig. 8*5 for the 
different types. 


The question of whether the friction term, r 2 /L=r 2 4 fwi L/D, is negligible 
can be approximately determined, because usually, 

r<$, »*<*, 1^4 ft. 
so that ' r 2 /L < / < tjjp. 

Values of 4£/D are given in Table 2*1, and are always less than 1, and 
when D>3 in. become less than 0-10, so that r 2 /L will be very small unless 
the air is very highly compressed. 

For the case in which the orifice is at the entrance to the pipe, the 
equations connecting c and k are, 




(8*32) 


and if friction is allowed for, 


^(ll/Lj + Q-rJ . . . (8-33) 


Muller’s value of/ was 0*407. 

Hickstein (Jour. Amer. Soc. M.E., 38/216/1916) describes tests upon 
orifice meters 8 in. and 10 in. in diameter : he measured the quantities 
of air directly by gas-holders. The discs were made from J-in. plate, and 
had ^ in. flat surface and the remainder bevelled at 45°, the bevel facing 
downstream. 
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The pressure upstream, P lf was read at a distanoe 2JD before the disc. 
„ „ downstream, P ? „ „ „ 8 D after the disc. 

He found that the usual equation, Q = K(AP)&, held, values of K varying 
from 0*52 up to 1*8 ; in his figure on p. 217 he plots values of c v , which he 
says =11-55 K/D 2 , but he does not explain what c v is nor how the equation 
is got. Fig. 8*7 is drawn from his figure : the curve is only approximate ; 

the abscissae are the ratio not vice versa as given in his figure. 

Westcott, in Measurement of Gas by Orifice Meter , has given tables of 
correcting factors for use with the formulae concerning orifice flow when 
the pressure and density differ from the standard values. Full reports 
are given of Hickstein’s tests at the Erie works, and of similar tests made 
at Joplin. The book is primarily for the use of men who are maintaining 
orifice flow meters made by the particular company who produce the book : 



Fig. 8*7. — Coefficient of delivery for orifices in a pipe line. 
Given by Hickstein, p. 217. 


not much information is given on the general question of measurement with 
other types of meter. 

Box’s values of c are given in fig 8*8 (see Table 11*2). 

Gaskell (Proc. Inst. C.E., 197/243/1914) discusses the use of orifices in 
pipe lines to measure air flow. He found that round-edged orifices gave 
variable results, and therefore abandoned them in favour of square-edged 
orifices in ^-in. plate. One test orifice was made in jj-in. plate with ^th in. 
plain and the remaining [ JJths on a 45° bevel ; the pressure holes were bored 
in the plate itself, one facing upstream and one downstream. He found 
that the holes for taking pressure readings should be placed close to the 
orifice. His formula for the discharge is, 


M _ f s,r_2sdr_-|ir dPn 

r‘l(V;V)-i I L pJ' 

where P x — P 2 =dP=loas of pressure across the orifice. 


o= 


3 

4y 



3dP 

8yP, 



=0-531 (I — 0-265 dP/P x + 
=0-65(5(1 -0-328 dP/P x + 


) for gases 
) „ steam. 


. (8 33a) 

. (8 336) 
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n 


Coefficient of delivery from orifices depending upon the pressure at the back of the orifice : 
the pres&ure outside the orifice being atmospheric. Given by Box. 

Fig. 8 8. — Difference of pressures in atmospheres. 
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Usually dP/P will be small, so a becomes nearly 0*52 for gases and 0*65 for 
steam. Gaskell’s tests with water gave approximately for the coefficient 
of contraction, 

For orifices in 8-in. pipe, c c =0*61 (0*1) (Sg/Sj). 

„ „ 6-in. „ c c =0-61 6(0-08)(S 2 /S 1 ). 

An interesting comparison between Weisbach’s figures and the test figures 
is given in his figure on p. 260, the general result of which is to give a 
coefficient of contraction as shown in fig. 8*9. 

Bailey {Jour. Amer. Soc. M.E . , 38/775/1916) discusses the use of orifices 
in pipe lines as steam meters. Tie states that in Venturi meters 15 per cent, 
of the available head is lost, while in orifice meters 25 per cent, may be 



lost. Regarding the coefficient of discharge, which is unknown, he says : 
“ The coefficient did not appear to be as constant for different values of the 
ratio orifice diameter to pipe diameter, as it had been hoped that it would ” ; 
and further on: “The coefficient increased as the ratio of orifice area S 2 to 
pipe area S x increased with no obvious reason why it should.” The fact of 
the increase and its reason should be obvious to any engineer, because when 
the ratio becomes unity the coefficient =1-0, and presumably — as shown 
by Hickstein and Midler (see fig. 8*7) — the coefficient will increase from the 
value 0-6 up to 10 gradually as S 2 /S 1 varies from, say, ^th up to 1*0. 

Bailey found that the type of Pitot tube he experimented with gave 
very unreliable results when placed with the hole at the centre of the 
pipe : the form of tube was apparently that of a hollow tube divided 
down the middle by a partition with single openings at the back and front ; 
so that the tube was to some extent a “ Stauscheibe.” Such a form of 
tube is known to be unreliable : Bailey found it reading 15 per cent, low 
because the whirls in the steam created high velocities at the boundaries 
of the pipe and left the velocity at the centre relatively low. For steam 
work he also found that the multiple form of Pitot tube became unsatis- 
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factory in use because the holes became stopped up with sediment and then 
ceased to act, thus altering the constant of the tube. 

Nelson (Engng. News , 77/19/1917) states : “ There is little data available 
as to the amount of air flowing through an orifice against a back pressure,” 
which is quite incorrect, as there is a large amount of such data in existence ; 
see the various references in Chapters VIII. and XI., most of which are 
prior to 1917. Nelson made tests on / 4 , , /,-in. orifices, pkced in 

a f-in. main consisting of various valves and tees. The quantity of air 
flowing was found by discharging it through a nozzle at the end of the pipe 
to atmosphere and using the formula M=0*53(144 S)p/T : there is a printer’s 
error in this : T should be T* ; see Eq. H*34 m. He found that, for the 
orifice in the pipe line, 

Vi — Vt varied from 2-10 lb/in 2 , and p x from 45-90 lb/in 2 ; T was 60° F., 
and was constant, as the quantities of flow only ranged from J to 4 ft 8 /min. 
When compared w’ith Eq. 11‘34, his equation gives c=0*90. 

Orifice meters : case c : commercial meters. — Many commercial meters 
which act on the orifice principle are made. Some of these employ a 
“ pure ” orifice, by which is meant a circular orifice in a thin plate : others 
employ an fct impure ” orifice, by which is meant a hole of any shape and 
section, which may sometimes be the ring-shaped area formed between 
two cones, one fitting inside another ; the area may be indeterminable, 
and then the flow is indeterminable by theory. A good example of such a 
meter is a globe valve which will transmit various quantities, according 
to how much it is opened. 

The laws of flow in commercial meters with the pure orifice in the pipe 
line have just been dealt with : the laws of flow in meters with impure 
orifices cannot be stated in the same way, because very often the area S 2 
is a varying quantity. 

As a good typical case of such a meter, consider the “ Sentinel ” meter 
valves as made by Alley M‘Lellan, Ltd., to Gibbs’ Patent 27042/08. In 
this meter the difference of pressure which exists between the two sides 
of an accurately made sluice valve is adjusted to a fixed value when 
transmitting varying quantities of fluids, by varying the amount of 
the opening : the amount of the opening is read on a scale placed near 
the handle, and the quantity being transmitted is then read from the 
calibration curve. 

A few paragraphs taken from the catalogue description may explain 
the meter more clearly : “ As meters, the valves have an enormous range 
through which accurate readings may be obtained ; they will measure from 
quite a small dribble up to the full amount the pipe will carry. The action 
is so simple that anyone can take readings accurate well within commercial 
requirements. For instance, the 6-in. valve towards one end of its range 
plainly indicates the difference between 500 and 501 gallons of water per 
minute, and all valves will measure rates of flow smaller than 1 per cent, 
of their maximum capacity.” 

u Taking a reading with a ‘ Sentinel * meter is a simple matter occupy- 
ing a minimum of time. The main valve is gradually closed down until 
the small manometer interposed between its inlet and outlet just indieateB. 
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Then there is (1) a definite pressure driving (2) a fluid of known density 
through (3) an area of definite section, the result being, as all know, a per- 
fectly definite rate of flow. This measurement should always be made 
by closing the valve slowly down so as to take up the necessary small 
amount of backlash, and is accurate well within 2J per cent., not only once 
in a while, but always.” 

“ The main valve is one of our parallel -slide steam stop valves. The 
wedging gear is omitted to permit of accurate measurement of the opening 
of the gates. The seats are bored and the gates are turned to limit gauges, 
so that the area past the valve with a definite opening is the same for all 
valves of the same size.” 

u The manometer consists of a plunger, which is a free but practically 
fluid-tight fit in its cylinder. Pressure is led to its under side from the 
inlet, and from the outlet pressure is led to the top side. When the standard 
pressure difference is reached the plunger floats, and this movement is 
easily seen through the glass tube. The friction is negligible, and this 
manometer, while a very sensitive instrument, cannot easily be damaged. 
Cocks are provided to shut off the manometer from the tube.” 

Some criticisms can be made upon these claims. As the metering 
depends upon a constant pressure difference, which equals the weight of 
the plunger less any friction, the quantity registered depends upon cS; if, 
therefore, it reads 1 per cent, of the maximum accurately, this quantity 
c S must be 0-01 of the maximum c S ; when the valve is at the maximum 
opening, c may be 0-8 and S for a 7-in. valve 36 sq. in. ; c S then = 28-8. In 
order to regd 0-01 of the quantity, the opening will be small and the co- 
efficient c will be about 0*6, so that the area of the opening will have to be 
0*48 sq. in. The valve will be thus nearly on the bottom seat, the distance 
from the bottom edge being about 0*10 in. to 0-05 in. This amount can 
probably be measured reasonably well as claimed by the makers, provided 
there is no backlash error. But unless the two edges and surfaces of the 
orifice are quite clean, errors will arise owing to the altered value of the 
effective area S. Dirtiness of the edges will not seriously affect the read- 
ings at the maximum value, but will cause serious errors at the minimum 
values. To try and get a very accurate reading at 1 per cent, of the maxi- 
mum quantity is unnecessary. 

Friction of the plunger in its cylinder will introduce a constant error 
in all the readings, and can be allowed for : it will not affect the percentage 
error at all. And the question of its importance depends entirely on the 
weight of the plunger, which is not stated. The loss of pressure in the 
valves of various sizes is not stated. 

This type of meter is not very satisfactory for a circuit when the flow 
to be metered varies widely from moment to moment, though for metering 
such flow all meters are at a disadvantage. 

With an ordinary orifice meter and water gauge, however, the sort of 
variations in the flow are apparent in the fluctuations of the liquid in the 
U-tube gauge ; but in this meter the range of the variations cannot be gauged. 
Suppose the valve has been screwed down till the plunger just floats, and 
during the next moment the flow increases, the plunger will immediately 
rise and will remain up until the flow decreases again. If after a momentary 
equilibrium the flow is reduced and the plunger falls, the valve can be 
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screwed down a little until the plunger rises again. The difficulty of finding 
the proper mean position arises from backlash, because, if the plunger is 
up and the valve is opened, it must be opened so far that the plunger falls 
properly, and then the valve can be slowly brought down again. The 
position of the valve required is one such that the plunger is either always 
floating, or is up for the same length of time as it is down. Throttling the 
supply to the plunger will have no effect, as there is no flow of fluid Jbetween 
the two sides of the plunger. 

The great advantage of the meter is that it takes no extra space in the 
pipe line, and that there is no loss of pressure, except when readings are 
being taken. 

Orifice meters, in which an orifice plate is inserted in the pipe line and the 
drop of pressure is read upon a water or oil gauge, reveal variations of the 
flow at once. There is no trouble with backlash, as the area remains con- 
stant ; but they suffer from the disadvantage that unless an orifice plate is 
inserted, big enough to take the maximum flow when giving the maximum 
gauge reading, the variations in the flow* may drive tin* liquid in the ll-tube 
beyond the scale. Further, as the size of the orifice is constant-, cS is 
constant, and the flow then depends upon (F— P a )l or (//")! : the quan- 
tities therefore vary as the square root of the water gauges, and the 
readings at low values will not. be of much value. George Kent & Sons 
have partly overcome this disadvantage by making the U-tube of a para- 
bolic shape, the tangent of the parabola being horizontal. The linear 
reading along the tube varies approximately as yjh” and the height of 
any point above the tangent varies exactly as y7*". Jly this means 
relatively accurate readings of small quantities of the maxinifhn flow can 
be obtained. 

Hebblewhite (Jour. N.S. Wales Roy. Soc ., 45/258/1911) describes a 
recording air meter. Air flowed into a chamber floating in water and flowed 
out of the chamber via small holes ; the number of holes available depended 
upon the height of the float outside the water, which depended upon the 
pressure of air in the float. The meter was calibrated from standard meter 
tanks. An additional spring-borne float was used to damp the pulsating 
effect, because the air was being received from a steam-engine condensing 
plant. 

The “ Rhcnania ” steam meter is described in Euyay., 97/129/1914. 
In this recording meter the flowing steam acts on a mechanism which opens 
two rectangular ports to an amount depending upon the quantity flowing. 
Commercial sizes of the meter are made for pipes 25-200 mm diam., to 
register flows from 300 to 20,000 kg/hr (1 1 to 740 lb/min). 

Claasen ( Z.V.D.I. , 02/521/1918) describes the perfections of the Claasen 
recording steam meter, which works on the float principle similar to the 
St John meter ; he claims that his shape of float is so superior that the 
accuracy of the meter is increased : the tests made by the Charlottenburg 
calibration plant showed 2 per cent, accuracy with saturated steam, and 
3*5 per cent, accuracy for superheated steam. The meter will measure 
quantities between 1000- 22,000 kg/hr with good accuracy. 

Good illustrations of various steam and water meters and some par- 
ticulars of their sizes and methods of operation will be found in the 
Electrician , 82/721/1919. 
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F. Electrical meters for quantities. 

Thomas (Jour. Franklin Inst., 172/411/1911) describes an electrical 
method of measuring quantities of air or gas, by using an electric heater 
in the pipe line, and by noting the electrical energy imparted to the gas 
and the rise of temperature of the gas : when the specific heat of the gas 
is knowji, the quantity will be deducible. One very great advantage of 
this type of meter is that the specific heat is practically independent ot 
small variations of the pressure and temperature, and for commercial work 
is quite independent of such variations : at any rate the variations in the 
specific heat from day to day due to the quality of the gas will be greater 
than those due to variations in temperatures and pressures during the day. 

The heater is placed in some convenient spot in the pipe line in a special 
housing of its own, to avoid losses by radiation. Two electrical resistances 
are introduced at each side of the heater and form two arms of a Wheat- 
stone bridge : when the resistance of the second resistance unit rises as 
the temperature rises, the bridge will become unbalanced and the galvano- 
meter needle will be deflected. It could be arranged that this deflection 
would measure the quantity flowing in the pipe. 

Thomas in his experiments compared quantities registered by his meter 
against quantities registered with Pitot tubes and Venturi meters, and found 
good agreement. A detailed description of a commercial form of the instru- 
ment is given in Proc . Amer. Gas Engr., 7/339/191 2. In this instrument the 
deflections of the galvanometer needle are used to control the amount of 
energy imparted to the heater, so that the energy is varied as the quantity 
varies, the temperature difference between the resistances being kept as con- 
stant as possible: this is done instead of keeping the power constant and 
allowing the temperature difference to vary with the varying quantities. 

Fig. 8*9 shows the meter in diagrammatic form : illustrations of the 
actual meter are given on pages 342 and 350 of the original article. 

The heater, which is a grid of wire, is placed between two nickel wire 
resistances : these are kept at temperatures Tj and T 2 such that T 2 — Tj is 
fairly constant and about 1° C. A resistance Rj can be inserted to make 
up for the increased resistance of r 2 when hot, and is such that, when T 2 — Tj 
is the correct amount, the needle of the galvanometer will bo in its central 
position. Now suppose that there is equilibrium and the energy imparted 
to the gas is just sufficient to heat it from T 1 to T 2 , but that then the quantity 
of gas or air flowing is reduced. With the same energy imparted to the 
heater, the temperature T 2 will rise and the galvanometer needle will be 
deflected. An Jth H.P. motor is running continuously and rotates the 
drum contacts b continuously, and also moves toggle arms provided with 
magnets, over the rheostat in the main energy circuit. If the galvano- 
meter needle is displaced, the rotating drum makes contact with a and c, 
and the magnets on the toggle arms are energised : the magnets drop pawls 
into the teeth of the rheostat controller, and the toggle arms move the rheo- 
stat arm so that more resistance is introduced into the main circuit and 
less energy is imparted to it. Then the rise of temperature of the reduced 
quantity of gas becomes less, so that the galvanometer needle goes back 
towards zero. The amount of resistance added depends upon the number 
of contacts moved over by the rheostat arm ; this depends upon when the 
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magnets d v d 2 are energised, which depends upon the position of the needle 
a. If T a — T x is much in excess of the proper amount, a makes contact 
with 63 and three additional units of resistance are cut in ; if T 2 — T x is 
only slightly in excess of the proper amount, then a makes contact with 61 
and only one additional unit of resistance is inserted. The wattmeter in 
the circuit will then register the integral of the quantity of gas flowing, 
when suitably calibrated. 

The galvanometer needle is clamped for a short time during each revolu- 
tion of the contact drum, while contact is being made. 



Fia. 8 10. — Thomas electrical meter ; electrical connections. 


This meter is also mentioned in Jour. Gas Lighting, 12/186/1913, and 
in Trans. Arner. tioc. Mech. Engr., 31/655/1909. 

Two sorts of equations- are desirable, one giving the units required to 
heat a given quantity of gas or air, and the other giving the quantity of 
flow which can be metered by any input, so that one can see at a glance 
what is the cost of current for the meter, and what voltage and current 
are required to meter a certain flow per second. For this we require to 
know the specific heat of gas, tr, which the author has seen stated as lying 
between 0-2068 and 0-2182, with usual values 0-209 to 0-211. 

The derivation of the equation is as follows : — 

Let a=specific heat=0-2375 for air, =0-211 for gas. a calories heat 
1 kg of fluid 1° C. or 1-8° F. 
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1 calorie=4190 watts ; 1 B.T.U. = 1055 watts ; let the rise of tempera- 
ture be 0=1° C. or 1-8° F. 

The watts generated = W=(constant)(quantity of air)(temp. rise) in 
metric units. 

W 1 1 

4190 heated =Mf, where t is the time. 


Introducing kw-hr., viz. 3G00000 watts-sec., 

M '=^^ ) =4°7 () kg gas, =3620 kg i 

In English units, 


W 1 1 3600000 OA „ A1 , 

1W, - 90001b - 


« _ Q/Wl 


(8*34) 

(834a) 


Table 8’4. — Electrical Energy required to heat Various 

Quantities. 


Eng. uinta. 

Metric units. 

1 Kw-hr heats — 

i. 8000 lb. of air. 

ii. 105,000 cu. ft. free air. 

iii. Flow at the rate 2 2 lh/soe. 

iv. 9000 lb. of gas. 

V. 236,000 cu. ft. of gas at p 0 . 
vi. Flow at the rate 2 '5 lb/sec. 

1 Kw-hr heats — 

3620 kg of air. 

2970 cu. metres free air. 

Flow at rate 1 kg/sec. 

4070 kg of gas. 

6080 cu. metres of gas at ]t 0 . 

Flow at rate 1 “13 kg/sec. 

If the flow is : — M lb/sec. 

Watts required = 0 ‘4 5f> M , ai r. 

= 0 400M, gas. 

M kg/sec. 

Watts — 1 00M, air. 

-0‘885M, gas. 


The cost of energy used in the heater is therefore not a serious item 
in the cost of upkeep, as it only amounts to 4£d. per million cubic feet, if 
the cost of current is Id. per unit. 

G. Anemometers. 

Perhaps the most common form of meter in general use for measuring 
the flow of air at atmospheric pressure, as in ventilation work, is the 
anemometer, which registers the velocity of the air currents. The instru- 
ment is well known, and consists of vanes placed at an angle of about 45° 
to the axis of flow and a dial which registers the number of revolutions 
of the vanes. The ordinary anemometer is an integrating instrument, 
and records the total flow in any length of time : the reading must be asso- 
ciated with readings of time if the velocity per second is required. A full 
discussion upon these instruments is given in the report of the Cowl Com- 
mittee of the Sanitary Institute in the Journal of that Institute, 22/200/1901. 

Before one can determine quantities , the readings of pressure, tempera- 
ture, ^nd the area of the pipe and calibration of the anemometer must be 
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known. But, apart from this, the anemometer is a very handy instrument 
for measuring velocities of winds and air currents where the area across 
which the air is blowing, S lf is free space and therefore indefinitely greater 
than the area of the anemometer, S 2 . For ventilation work, where air is 
flowing in ducts of, say, 3 ft. diameter, small anemometers are also suitable, 
as the introduction of the meter will have no appreciable effect upon the 
current of air in the duct. This is not so when the area of the meter is 
large in comparison to the area of the pipe, or when all the air entering the 
circuit must flow through the meter. In the latter eases the meter must 
be calibrated* in position if the readings are to be accurate. When the 
velocity of air in open spaces is being metered, the conditions are those 
which usually exist under calibration. 

The usual method of calibration consists in rotating the anemometer 
at a definite speed in still air, and noting the revolutions of the dial hand 
and the speed of rotation. The only inaccuracies which arise will be due 
to the existence of local currents set up by centrifugal force. Calibration 
by moving the meter in a straight line would be preferable, but is difficult 
to obtain on account of the length of travel which would be necessary, and 
the difficulty of obtaining sufficient velocity. 

Hackett (Engineering, 99/617/1915) describes a method of calibrating 
anemometers by means of a secondary standard, as used by him in Siemens' 
works, Stafford. Ordinary anemometers read velocities up to GO f.p.s. 
or 20 metres per sec., are accurate in the hands of careful observers, but 
require recalibrating regularly, and it is troublesome to send them away 
to the maker's works each time, llackett therefore used a fan coupled 
to a variable-speed motor as the secondary standard : the quantity of air 
delivered by a fan is approximately proportional to its speed. This law 
be verified for the particular fan used, up to 120 m/soc peripheral speed, 
and to outlet velocities up to 27 m/sec, using a Pitot tube as the primary 
standard. 

Stack (GlucJcauf, 38/1141/1902 and 39/1149/1905) describes the cali- 
bration of anemometers for use in mine ventilation work. 

Rictschel (Mitteilungen Prufungs Heiz . Anstalt, p. 40) states that the 
calibration of anemometers by whirling may differ by as much as 13 per 
cent, from the calibration by volumetric methods : these latter are pre- 
ferable. For measuring large quantities of flow in large pipes by means 
of anemometers, llietschcl used a bank of 14 anemometers placed in various 
positions across a pipe, and found that an accurate result of the quantity 
flowing could then be obtained ; but to use such a quantity of meters in 
one pipe is not ordinarily very practicable. The above-mentioned tests 
were carried out at the experimenting rooms of the Konigliche Teehmsehe 
Hochschule, Berlin, where specially elaborate arrangements have been 
made for such work ; a full description is given in the above-mentioned 
volume. Gas-holders and wet Brabbec meters are employed as the primary 
standards. 

When a meter is set up in a pipe line, the existing distribution of velocity 
is upset, and the velocity of air through the meter will be greater than 
the velocity previously existing in the space taken up by the meter, owing 
to the reduced total effective area of pipe. The meter will tend to register 
a velocity u\ which will exist over the area S 7 , instead of registering the 
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velocity U, which exists over the area S. The amount of reduction in area 
due to the meter cannot be determined by theory, and either this must be 
allowed for arbitrarily or the meter calibrated in position. 

If the meter is small relative to the pipe area, the readings will be accu- 
rate enough, and then the only correction required will be for the ratio of 
the velocity where the meter is placed to the mean velocity in the pipe : 
the velocity distribution must be taken as known or experimentally found. 

The anemometer is convenient in being an integrating meter, but its 
great disadvantage is its inaccuracy. A restraining force exists in the 
friction of the pivot of the vanes and of the wheels of the dial : this force 
is not constant, but depends upon the state of the instrument ; and if the 
flow varies from moment to moment, the vanes will not be able to respond 
to such variations owing to their moment of inertia. 

Then the meter is of no use apart from its calibration : the scale registers 
correctly only at one particular velocity : the magnitude of the inaccuracies 
varies immensely : some writers put it as high as 10 per cent, to 20 
per cent. 

Barclay and Smith (Jour. J.E.E . , 57/203/1919) describe the use of 
anemometers in measuring the volumes of cooling air used for turbo- 
alternators. They were satisfied that the anemometers were as accurate 
as the Venturi meters, and that readings could be taken more conveniently 
than with the Pitot tubes, because there was no liquid pressure gauge to 
be manipulated. In the discussion upon the paper some authorities cast 
doubt, upon the accuracy of the anemometer. 

Beard more (Mcch. Engr., 17/912/190 G) describes an anemometer which 
can be placed in a gas main to register the total flow of gas and also to 
measure the fluctuations of flow. An ordinary anemometer is used, and 
no mention is made of the correction factor which would be necessary on 
account of the velocity distribution not being uniform : it would be neces- 
sary, therefore, to calibrate the meter in position. 

Robinson (Phil. Trans., 152/797/1878) has dealt with the question of 
the forces on cup anemometers due to winds : as such types of anemometers 
are not ordinarily used in measuring the flow of air in channels, no extracts 
from his work are given here. 

Deflecting or indicating anemometers. — So far only the ordinary type 
of anemometer with revolving vanes has been under discussion, but. there 
is another type, in which the revolution of the vanes is prevented by a 
spring or some other type of control, or where some other form of surface 
can be deflected against some controlling force. These forms of anemo- 
meter are indicating meters, as opposed to the integrating meters, and 
only show the pressure due to air currents : the velocity is known once 
the meter has been calibrated. 

This calibration will partly depend upon the laws concerning the pressure 
of moving air on plane surfaces, or on curved surfaces. Such an indicating 
meter can be made extremely sensitive, if very light vanes are pivoted very 
freely : Shaw used mica flaps in experiments in some of the lecture rooms 
at Cambridge University, and was able to detect convection currents due 
to the warmth of a person’s hand by this means. 

Stanton ( Proc . Inst. C.E., 156/79/1904) describes experiments made 
upon the air pressure on discs placed at right angles to a flow of air. It 
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was found that the form of distribution of air velocity across a pipe or tube 
was greatly altered if a disc of appreciable size in comparison to the area of 
the pipe were introduced in the pipe. The effect became noticeable in a 
2-ft. pipe, when a disc of more than 2 in. diameter was introduced, i.e. when 
the area was diminished by 0*7 per cent. 

In measuring the pressure on discs, it must be remembered that the 
pressure read in the ordinary way is a resultant pressure due to the positive 
pressure on the front of the disc and a negative pressure, or suction, acting 
on the back of the disc. The amount of this resultant pressure is given by 
various authorities in Chapter XII., Table 12*1. Stanton found that the 
shielding effect of two planes placed one behind the other is greatest when 
the distance apart of the planes is 1*5 times the smallest width if the planes 
are rectangular, or 1*5 times the diameter if the planes are circular. The 
effect of such shielding he has fully investigated in connection with the deter- 
mination of wind pressure on braced structures, girders, etc. 

Buchholz (Free. Inst. C.E . , 120/380/1895) describes Bornstein’s wind 
meter : this meter consists of a ball fixed on the end of a pivoted rod, 
whose lower extremity carries a pencil which registered graphically the 
wind pressure. 

The indicating vane type of meter could be made use of as an indicating 
meter in a pipe line, if calibrated in position and if the position of the flap 
or vane was visible from the outside, through a glass window. If the motion 
of the flap was transmitted to the outside of the pipe through a bearing 
and a rod or extended axis, the friction of the rod in it s bearing would make 
the readings quite unreliable. But a freely pivoted vane should ^ive very 
accurate readings, as the pivot friction can be made negligible. 

Miscellaneous meters.— Levin (Trans. Amer. Hoc. M.E., 35/237/1914) 
describes a meter for measuring flow using the principle that the pressure 
differences existing in a fluid passing round a bond are known : thus, if 
the pressures at the inside and at the outside of the bend are measured, 
the mean velocity of the fluid in the bend will be known, and thus the 
quantity flowing can be determined. The formula giving the quantity is 
similar to that for the Pitot tubes, but the factor (1I/2D)* is included 
with (2pH)*. A special type of bend with holes for tapping the pressure 
connections is required : it seems doubtful if such a meter would prove any 
better in practice than an orifice meter. R is the mean radius of the bend, 
and 1) is the diameter of the pipe. 

Hayes (Trans. Aincr. Soc. M.E . , 3G/707/1914) describes a new type of 
meter for measuring the amount of feed-water supplied to a boiler: it is 
supposed to be useful for measuring pulsating flow, but it is not clear why 
the meter should be so much better than other types in this respect. 

The meter works on the principle that the difference of pressure between 
the outside and the centre of a fluid vortex is a definite known quantity 
depending upon the velocities existing in the vortex ; and conversely, if the 
difference of pressure is measured, the velocities in the vortex will bo known. 
The fluid to be measured enters at the circumference of the vortex and flows 
away at the centre : the pressure at the centre is measured through a pipe 
suspended in the centre of the vortex, and the pressure at the side of the 
vessel is measured like the static pressure in a pipe line. Hayes proved 
with the meters he made that the law between difference of pressure fcnd 
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velocity was quite good enough in practice for the meters to be used with 
confidence in their accuracy. 

A form of gas meter using Pitot tubes has been designed by Threlfall ; 
see Chapter IX. 

Lutke (Stahl und Eisen , 33/1307/1913) describes a meter for recording 
ordinary air pressures and differential pressures obtained when measuring 
air aryl gas flow by orifices. He takes two vessels containing mercury 
or other suitable liquid, one being fixed and open to the atmosphere, the 
other being movable and connected to the pressure reservoir. An inverted 
U-tube connects the two vessels : the movable vessel is hung from a balance 
and balanced against a weight : on the other end of the balance arm is a 
pencil pressing on a chart. When the pressure in the reservoir alters, the 
liquid in one vessel is driven into the other, and the balance is upset : the 
balance arm and weight move until equilibrium is again obtained, and the 
pencil records the relative pressure on the recording chart. 

Oar ri ere (Complex Rendus, 156/1831/1913) describes the measurement 
of air velocities by blowing steam into the air current and .allowing the 
deflection of the steam jet to be made visible by a beam of light : this beam 
of light falls on a rotating mirror, and the movements of the steam can be 
recorded on a photographic plate. The amount of deflection of the steam 
jet is a measure of the air velocity. 

For other optical methods of measuring air currents qualitatively, see 
Phgs. Zeit. , 18/22/1917. 

Hodgson (Proc. Inst. C.E., 104/107/1 918) has given a most excellent- 
paper on commercial metering of air, gas, and steam by means of meters 
developed by himself. There are relatively few references to the works 
of other investigators. The meters were primarily for use in connection 
with the supply of compressed air at 100 lb/in 2 to various customers by the 
Victoria Falls and Transvaal Power Scheme. Meters reading to ± 3 per 
cent, accuracy were required : a Venturi meter belonging to the Power 
Company, and a gate meter belonging to the consumer, were installed in 
the supply to each customer : the charge for power was to be based on the 
average reading of the two meters. The meters registered in air units, 
equivalent to kilowatt-hours. In the paper are described (a) Venturi and 
gate meters with elaborate recording mechanism ; (b) limit and cut-out 
valves to prevent any consumer taking more than his maximum allowable 
load ; (c) orifice meters, pulsating flow meters, fan proportional meters, 
and a steam meter : a full description of the calibration plant for meters 
on the Rand mines is also given. For this plant, see also Times Engineering 
Supplement, 23rd Feb. 1917. 

Venturi meters . — Walker (Phil. Mag., 41/286/1921 and 42/138/1921) 
suggests equations which w T ould give a coefficient c greater than unity. 
Most engineers have stated that if c exceeds unity, the observations have 
been incorrect. Walker bases his theory on the statement that the resist- 
ance to fluid flow may be written au-\-bu 2 , where a may be negative. Since 
the loss of pressure varies at a lower rate than u 2 , a may be negative in 
some cases ; on p. 138 Walker quotes values of c given in Eng . News. Rec 
85/542/1920, thus : 
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478 

•112 

•038 

•017 

•010 

•007 

•025 

•010 

•002 

•004 

. . 

. . 

•983 

1-000 

1-112 

1-320 

1-411 

1-600. 


Ledoux ( Amer . Soc. C.E. Proe., 52/1787/1926) gives the value of c as 
•96 to *985 for Venturi meters of 4 in. to 30 in. diameter, employing 
19 different tubes ; c increased continuously as the velocity increased and 
became practically constant when v>8 ft/s if d> 8 in. ; it decreased quickly 
when u< 4 ft/s. For velocities less than 2 ft/s, c decreases very rapidly 
as u decreases. For 1-5 in. and 2-5 in. Venturi meters and w>8 ft/s, c was 
0*96 as against 0*98 for the bigger tubes. A variation in the divergence 
of the downstream angle of between 2J° and 6|° had no effect on c. 

Dawson {Gen. Elec. Rev., 23/153/1920) used a Thomas meter for measur- 
ing losses in large electric machines ; the rise of temperature of the cooling 
air in passing through the machines was measured, and the air was heated 
up further in the meter and the rise measured therein. If the machine 
heats the air from Tj to T 2 and the heater heats the air from T 2 to T 3 , then : 

Watts lost in mackine/watts given to heater=T 2 — Tj/Tg— T 2 . 

The volume of air to use =1-71 (heater watts)/(T 3 — T 2 ). Dawson’s heater 
had nickel silver strips 0*015 in. by 1*5 in., with resistance 150 ohms per 

sq. ft. 1 mil thick. Each frame carried 25 kW with 139 amperes per 
ribbon (—61 70 amp/in 2 ), and the frames were put 8 in. apart. The rise 
of temperature of the ribbon was allowed to be 85° 0. 

An illustrated description of the Thomas meter made by thejJambridge 
Instrument Company is given in Empty., 118/182/1924. 

Penney (Jour. A.I.E.E., 47/181/1928), for a Thomas meter, uses a pine 
wood or micarta square duct with sides insulated by cork board; the 
wooden walls in the larger sizes are 1 in. thick. For meter flows of 1 to 
5 ft 3 / s Penney used a 3Jx31x 18 ft. meter. The rise of temperature was 
measured by means of 16 thermocouples ; with 40/xV per couple and 25 
couples in series 1° C. rise gave, lwV. The principal error was found to 
be in non-uniform heating. Tested against a Moss calibrated nozzle, the 
Thomas meter was 0*4 per cent, high, 0*8 per cent, low, and 1*5 per cent, 
low, in three different cases. 

Mercanton (Arch, des Sri., 2/511/1 920 ; La Nature , 62/ 1 24/1 924) describes 
an anemometer to register the maximum velocity of gusts of wind ; it has 
an inclined tube along which are small bulbs, which one after the other 
become filled with liquid as the pressure du»‘ to air velocity drives the liquid 
up the tube. By noticing which is the highest bull) filled with liquid, what 
has been the maximum velocity can be determined. The whole arrange- 
ment is mounted on a vane, so that the inlet will face the direction of the 

air. The inclined tube is 35 cm long, 8 mm diameter ; the top bulb re- 
presents a velocity of 34*8 m/s. 

Fuwa (Jour. lnd. and Eng . Chem 15/230/1923) describes bubble meters 
for measuring small gas flows. Capillary tubes are satisfactory for flows 
of from 200 to 50,000 cm 3 /min, but for flows of 30-180 cm 3 /min Fuwa 
used a straight tip of internal diameter 8 mm discharging into the fluid 
and calibrated the flow against bubbles per minute. No difference was 
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caused by placing the tube at 10-15° from the vertical. Tubes with 
horizontal tips were unsatisfactory. 

Lafuy (C.R., 152/318/1911) describes how to determine the currents in 
a stream of air by introducing acetylene gas into the air current and noticing 
the shadows cast by a light ; acetylene is useful because of its high refractive 
index as compared with that of air. 

Huguenard (C.R., 177/744/1923) describes the measurement of air 
currents by photographing the shadow of a cloud of hot air created by 
one electric spark as thrown on the sensitised plate from the light of another 
spark. The cloud of hot air is displaced by the air currents, and if the second 
spark is timed properly the position of the shadow on the plate enables 
the air velocity to be known. 

Hut ten (De Inf/., 39/261/1924) describes measurement of steam flow by 
injecting ammonia solution of known strength into the steam by means 
of compressed air or nitrogen, and measuring the concentration at a point 
later on in the flow. The ratio of ammonia to steam by weight should 
be between 0*001 and 0*0001, which will not harm brass fittings. The 
method was found to give the quantity of steam to within 1*5 per cent, 
of the value obtained by weighing the condensate. The ammonia injected 
was measured by noting the drop in height of liquid in the containing 
vessel. 

Turner (Chan, and Mel . Em].. 30/633/1924) describes the measurement 
of air supplied to blast furnaces by allowing anhydrous ammonia vapour to 
be sucked in and noting the proportion of ammonia in the air at a later stage. 

Armstrong (Jour. Inst. Furl, 1/161/1928) gives particulars of orifice 
meters for ‘measuring steam flow which can be slipped into a main- between 
two flanges. The ring with the plate is £ in. thick, and two |-in. copper 
tubes are embedded in the ring, with the end of one facing the stream and 
the end of the other facing downstream ; the orifice plate is of T /W-in. steel 
plate bevelled at 45° divergently. Armstrong emphasises the necessity for 
metering steam like any other material used in a factory or works, in order 
to obtain a knowledge of the losses due to leaks and faulty valves. Lees, 
at the Imperial Chemical Works, Bellingham, emphasises the same point. 
Armstrong's paper also contains a mathematical discussion of Backstrom's 
work on orifice flow, following up the lines of Muller, in accordance with 
Eq. 8*33 and onwards. 

Precautions to be taken when using steam meters are described by 
Hodgson (Jour. Inst. Fuel , 2/17/1928), and Beehler (Amer. Foe. Nav. Engr. y 
37/532/1925) describes such meters for use on ships ; meters suitable for 
ventilation work on ships are mentioned by Freudenthal ( Z.V.D.I . , 
64/371/1920). Bohn's Zelenka steam meter, compensated for pressure 
variations so that the scale is proportional to the quantity, is described 
in Z.V.D.I ., 69/1523/1925. 

Nitzschmann (Feuerun{]stechnik, 9/177/1920) describes an electrical 
meter for measuring superheated steam. It is arranged so that the two 
coils in the meter have voltages applied to them proportional to the func- 
tions of p l9 (P 1 —P 2) 112 and T in the equation 


3600M= 


1-48(10)* 8, 

4710001-160^ 
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using an equation for density of steam, ^=l/m-47*lT/^ 1 — 0-0160 m 3 /kg. 
jt l is in atmospheres absolute. 

Wooley (Gen. Elec. Rev., 27/182/1924) describes an electric flow meter 
arranged so that the difference of pressure at an orifice will affect the 
height of a mercury column which is in the secondary of a transformer ; 
the primary current can then be made to be a measure of the flow. 

Becker (Zeit. Inst. K ., 45/44/1925) describes an indicating metej show- 
ing the velocity and direction of air flow. The instrument is like a "weather 
cock with a flat disc facing the wind ; this disc is moveable under the 
control of a spring in a horizontal direction, and by its motion cuts out the 
electrical resistance of one ammeter. Rotation about a vertical axis 
causes resistance to be altered in another circuit and controls the pointer 
of another ammeter. The readings of the ammeters will show the velocity 
and direction of the wind. 

Spitzglass (Amor. Soc. M.E. Jour., 41/429,487/1919) describes a Pitot 
tube associated with an electrical wattmeter in such a way that the watt- 
meter reads quantities of flow. The differential pressure of the Pitot tube 
acts on mercury, into which a series of wires of different lengths dip, so 
that as the mercury alters its level these wires cut in resistance and affect 
the current in the wattmeter. The advantage is that the wattmeter can 
be placed in a convenient position to be read, no matter where the Pitot 
tube is placed. 

Freeman (Power, 56/1008/1922) describes a similar meter made by 
“ Republic Flow Meters " of Chicago, except that pressures are read at either 
side of an orifice. 

The llyperho electric meter (Power, 57/1024/1923) consists "of a rect- 
angular hyperbolic elbow which creates a pressure difference when fluid 
flows round it ; the pressure difference affects mercury in a IJ-tube, and 
there are a number of nickel rods of various lengths supported above and 
in the mercury, depending upon the height of the mercury. The current 
flowing depends upon wdiich rods make contact. 

Smith (Inst. Auto. Enyr. Proc., 13/437/1918) describes meters to measure 
the flow of petrol to carburettors. King (Enyny., 115/456,481/1923) 
gives tables for determining the air supplied to petrol engines, using sharp- 
edged orifices and baffle boxes to reduce the fluctuations due to engine 
pulsations. 

Archer (Jour. Sci. Inst., 3/410/1926) describes the measurement of 
quantities of 7*7-13-5 cm 3 /s by allowing the air to discharge from jets and 
impinge upwards on one vane and downwards on another vane ; the vanes 
are rotatable about a horizontal axis ; the torque produced by the jets is 
balanced by either mechanical or electrical means, and thus velocities can 
be read. 

Hodgson (Jour. Sci. Inst., 6/258/1929) describes the Kent turbine meter 
for gas. The difference of pressure at two sides of an orifice inserted in 
a 2-ft. long fitting in mains from 4 in. to 30 in. diameter, placed between 
two right-angle bends, causes gas to discharge through two jets placed on 
opposite sides of a turbine, the revolutions of which are proportional to 
the quantity of gas except at very small rates of flow. The weight of the 
turbine and its damping vanes are carried by a mercury float. The counter 
mechanism and indicators are in a sealed chamber, and are driven by a 
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magnetic drive, so that there is no axle joint to be made tight. The accuracy 
of the turbine meter can be tested by joining up a manometer to the orifice 
and comparing its readings with those of the counter, provided it is assumed 
that the proper proportion of the whole flow still passes through the turbine. 
Only a small proportion of the whole flow goes through the turbine meter. 

Dupin ( C.R . , 188/546/1929) describes a meter consisting of a disc which 
faces t^e fluid, and carries a cylindrical drum sliding inside a hollow box ; 
the cylinder is one plate of a condenser and its movement alters the electrical 
capacity of the circuit of an oscillator ; a second oscillator acting as a 
detector can be tuned to the first one, and thus can be calibrated to read 
the velocity of the air current a fleeting the disc. 
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CHAPTER VIII.— SYMBOLS USED. 


Equation. 

Symbol. 

Meaning. 

801 

C 

=gas constant. 

8*14 

c =c 1 c a 

=coefficient of delivery. 

8 13 

Cl 

= „ of velocity. 

8*13 

C* 

= „ of contraction. 

830 

I>1 

= diameter of pipe. 

8*30 


= „ of orifice. 

8*14 

d, 

= diameters. 

8*27 

II 

=loss of head in friction. 

8 02 

9 

=force of gravity. 

824 

H =ttV2<7 

=feot of head of fluid. 

8* 14c 

h' 

= „ of liquid, density ra', in U-tub 

8 14/ 

hr 

=inches of water in U-tube. 

8*29 

k 

=coefficient of delivery, Miillor’s. 

802 

M 

= quantities. 

802 

m 

= densities. 

8* 14 d 

in' 

= density of liquid in U-tubo. 

801 

m', in " 

= densities of gas in gas-holder. 

8 01 

P', P" 

= pressures „ „ „ 

8 02 

P 

= pressures. 

8 09a 

Q 

= volume flowing per second. 

829 

*4 

V? 

II 

t* 

— ratio of orifice area to pipe area. 

803 

Si 

=area of pipe. 

803 

S 8 

= „ of orifice in sq. ft. 

8*146 

s 

“ »* »» »* 

8 14c 

8 

= „ „ in inches. 

803 

T 

^temperatures. 

8*01 

T', T* 

= „ in gas-holder. 

8 03 

u 

= velocities. 

8*02 

V 

= volumes. 

801 

V', V' 

=volume of gas-holders. 

8 10 

a =-%~l 

= ratio of pressures less unity. 

8*10 

P =s 2 /s 1 

= „ of throat area to pipe area. 

802 

y =1-408 

= index of adiabatic expansion. 

8 27 ff. 

f - 

=coefficient of friction in pipe. 

8*23 

4? -1-1/c, 

= » „ in jets. 

8*14/ 

P 

=specific gravity of gas. 

8*19 

p' 

= *> „ of liquid in U-tube. 

8*32 

a 

= „ heat of gas. 

8 07a 

X =P./P» 

= ratio of pressures. 




CHAPTER IX. 


MEASUREMENT OF AIR BY PITOT TUBES. 

Theory of tube — Derivation of formula — Velocity distribution in pipe — Ratio of mean 
to maximum velocity — Correction factors when Pitot tube readings are taken at 
various points — Graphical solution for the mean velocity — Various forms of tips 
used — Equations for quantities obtained from Pitot tube readings. 

The great number of reports dealing with this subject, and its general 
interest, make it desirable to allot a whole chapter to it. The various 
points which come under investigation are : — 

(а) The theories on which this method of measurement is based. 

(б) The theories concerning the distribution of velocity in the pipe, 
which distribution is generally measured across a diameter : finding this 
distribution is called making a velocity traverse of the pipe.” 

(c) The various forms of mouthpiece used to obtain the static pressure 
in the pipe. 

( d ) The various forms of mouth piece used to get the velocity pressure, 
or dynamic pressure : this pressure is called “ velocity inches •’ by some 
writers, when measured in inches of water gauge. 

We have not been able to keep all these factors separate, as they are inter- 
mingled with each other, and in the various papers they are not kept 
separate ; but the conclusions, which are practically agreed upon, are : — 

1. The velocity, w = ( 2 < 7 H)*. 

2. The velocity distribution curve tends to be elliptical or trapezoidal. 

3. A small opening in the side of the pipe gives the static pressure correctly. 

4. A small opening of any form, placed facing the flow along the axis 
of flow, will give the static plus the dynamic pressure correctly. 

A. Theories. 

One should have clearly in one’s mind the different velocities under 
discussion, and the pressure produced by them in a Pitot tube. We have : — 


U =mean velocity in the pipe 

Foot 
of fluid. 

II 

Inches 
of water. 

h" 

U m = maximum velocity in the pipe . 

H m 

h"m 

U c = velocity at the centre of the pipe ; this 


. . 

is usually taken as U m . 

U' =the apparent velocity as given by a 

H' 

K" 

multiple tube. 

u =the velocity at any point at any time 

H 

h 

u 0 =the mean velocity at a point over a 

.. 

• • 

period of time. 
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The theoretical pressure due to the velocity, which should be given by 
the Pitot tubes, is denoted by the H symbols. 

The ordinary formula for Pitot tubes giving the velocity of the fluid 
impinging on the mouth is u—( 2gH)l : one proof of this is simple. Con- 
sider the flow of the fluid into or out of the tube. If a head 1^ exists in 
the tube, the velocity of efflux out of the mouthpiece would be, 

= (9-01) 

Now, if the fluid is flowing towards the tube with a velocity w, the relative 
motion into the mouthpiece is u — u lt and the fluid will flow into the mouth 
at this rate until the pressure in the tube has been increased to give a velocity 
of efflux = m : this occurs when Il = u 2 /(2g). Therefore the head will be 
as given in the usual formula. 

Taylor (Tram. Atucr . Hoc. Nav. aid Mar. Engr 13/9/1905) deduces 
the formula from the theory concerning the adiabatic flow of gases in orifices. 
We have, 


if Pj == pressure at the back of the tube, where u—0, 

P 2 = „ in the pipe where the flow is u — u 2 . 

The work done by the gas in expanding from Pj to P 2 creates the 
velocity, and 


£-i^T p *{ i -(S ) ■ }-.~i i >-{(£;P"- 1 } < 902 » 

In the Pitot lube case we assume that the process is reversed, and that 
air flowing at a velocity ?/ impinges on the mouthpiece and creates the 
pressure P 1 =P 2 (1 1 A:). Then 




in which A; is a small fraction. 

Expanding the term in brackets to three terms, we get, 


but 


Wf 2 Oi 2 

giving ii*=2pH(l -f 0-355 k — 0* 203 A‘ 2 ) 

when w = 1-404, for adiabatic flow. 


(903) 


• ■ ■ <-> 


9-05) 
(9 ’Ofi) 


Then a = V2/H(r-152, 1-017, 1-0035). when i=0-l, 0-05, 0-01. 

For air work, if /i' = 5", £=00125, and the correction for k becomes 
negligible. 

One of the very early theories was that the pressure in the Pitot tube 
was ‘due to the destruction of the momentum of the flowing fluid, and it 
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was assumed that the fluid impinging on the mouthpiece was brought to 
rest there. If all the momentum were destroyed, 

, (Pi . P>)( „„, . . . (9 . OT) 

8 ivin g ^=--~ r *= H ( 9 'W«) 

This formula has been conclusively proved to be wrong. 

Threlfall (Proc. Inst. Mvch. Entjr., — /24 5/1 904) deals with this question. 
As it is obvious that the air striking the tube is not brought to rest, but is 
diverted and flows past the tube, one can think of the existence of a cone- 
shaped mass of air in front- of the mouth against which the flowing air 
strikes. Lord Rayleigh and KirchoiT investigated the pressure due to the 
impact of a fluid on a long thin lamina, the length of which may be neglected, 
and showed that an amount 0-110 of the total momentum of the fluid w r as 
destroyed at the lamina. In this ease the proper formula for the velocity 
as given by the impact tube would be, 

w=/(fi)(2yII)L---K(2^*)». . . . (9*08) 

where f(u) is some function of the velocity, which in ordinary practice 
becomes unity, or something very near unity. 

B. Distribution of velocity. 

• 

This section deals with the distribution of the velocity of flow across 
the tube and the relationship between the maximum velocity U TO , the 
velocity at the centre. I 1 ,., and the mean velocity U. A study of the literature 
on the subject- indicates that a distribution of tin* trapezoidal nature is 
most likely for turbulent flow. For non-turbulent, stream-line, or viscous 



Fig. 9*1. — Theory of velocity distribu- Fig. 9*] a. — Trapezoidal dibwribution of 
lion in a pipe. velocity. 


flow the distribution is parabolic. Some writers have suggested that the 
distribution may be elliptical rather than parabolic when the flow departs 
from the stream-line condition ; here we shall merely mention some facts 
for the different types of distribution. If the distribution is elliptical, we 
can take the velocity at the surface of the pipe as B ft/sec and at the 
centre as BA=B(1 -) -z) ft/sec. Then we have : 
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Velocity at a point r is u, =B+A sin 6 . . (9*09, 

also r=R cos 9, and dr=— R sin 0d0 . . (9*10) 

Then (mean vcl.)x (area)= quantity =US=Jw^r 27 rr . . (9*11) 

The mean ordinate of the ellipsoid is (2/3)A, so that the mean velocity is 


given by 


U=B+(2/3)A 


(9-12) 



Heenon €<ffe! Or/^s' Vp* 



^Sooc/e’ Rosen mu Her 


Fig. 9’ 2. — Forms of Pitot tubes. 


If the distribution is parabolic, we need to find the mean height of the 
paraboloid ; then U=£U f and the mean velocity occurs at a point where 
R'=-706R. If the distribution is elliptical, we need to find the mean height 
of the ellipsoid ; then U~ §TJ C and the mean velocity occurs at a point 
where R'=’745R. If the distribution is trapezoidal, the mean velocity 
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will depend upon the slope of the line AB in fig. 9*1a, or on the ratio p/R, 
which we shall call s ; then 

U/U c =l-s+$ 2 /3. 

U/U c = -903 -813 *730 *653 -583 -333 

when s = *1 *2 *3 *4 *5 1*0 

and R'/R= *906 -837 -781 -738 -708 • -666. 

The value s=l*0 never occurs in practice. Tt is probable that s for turbulent 
flow is always less than *15. Lorenz ( Plugs. Zeit. , 26/357/1925) discusses 
the trapezoidal distribution and states that in turbulent flow there is a 
very rapid increase of velocity from zero at the boundary, point A, up to 
point B, and he calls this portion Prandtls layer. After a Jong mathe- 
matical discussion he shows how roughness is related to the number of 
whirls in the gas. Another discussion on turbulent flow is given by Ilopf 
(Amt. dvr Phy*., 59/538/1919). 

Harman's theory about turbulent flow, which is well established, is as 
follows : The friction varies as U w in smooth tubes, where 1 1 is the mean 
velocity. The distribution of velocity across a circular pipe is such that 
the velocity w at a distance /• from the centre or at a distance y from the 
wall is represented by : 

«=B(R—r) JP =y flf t where B is a constant . . (9*13) 

Then n and x are related by the expression : 


2 


n—r~r 


H-*’ 


1 \x = \ 
2 n' 



(9-14) 


In rough tubes £ should vary as d 2r , which Fromm found agreed with his 
tests, where 2-r -*314, x--*157, w=l*73. 

Krey (Zeit. nag. Math., 7/107/1927) disagrees with Lorenzs theory and 
also with Prandtl and Karinan for the distribution of velocity. Hannan's 
formula is 

w =U W( [l “f;R ] 1/7 


which Krey would rather put as 

*=VJ\-(rlR)*r» 9 

where r is the distance from the centre of the pipe. These agree fairly well 
with facts, but they make dw/r/r== infinity when r=^R. 

Other authors suggest that the formula should be 


u 


U M 


M*+V) 

los ( ,+ i) 


where a is a small constant. Krey thinks this is best. 

Stanton (Proc. Roy . Soc. f 97/413/1920) carried out researches oir flow 
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at the boundaries of pipes, when the flow was turbulent. In 1911 he found 
that the thickness of viscous flow in pipes 4*9 and 7*4 cm diameter was 
certainly less than 0-5 mm. To investigate the flow at the boundary he 
used a Pitot tube of external dimensions 0*1 by 0*8 mm, with an opening 
0-05 by 0*75 mm. The pipe was 7*14 mm diameter and the mean velocity 
was kept below 580 cm/sec. The velocity, u, =U C (1 — r 2 /R 2 ), so that at a 
distance of 0-10 mm from the wall, ?v=58 cm/sec if U c — 1050 cm/sec. Tests 
were carried out at values of X from 2000 to 5000, and the surface friction 
F was plotted against velocities ; it was shown that F (in dyne/cm) =w n . 
The values of n were as follows for various distances from the wall : — 

n = 1-5 1*33 1-20 1-16 

distance ~ 0*28 0*178 0*127 0*070 cm, 

showing that, the flow was still turbulent. Other tests were made in a 
12*7 cm pipe with a velocity of 2900 cm/sec ; X was found to be 250,000, 
and the stream-line flow was at less than 0*05 mm from the boundary. 
A Pitot tube was then placed right in the boundary, and it was found 
that at the boundary there existed viscous flow, with 0 as the limiting 
value. The velocity distribution will only be regular if there is no obstruc- 
tion or bend just preceding the place where the traverse is made. In the 
case of trapezoidal distribution there is only one ring on which the mean 
velocity occurs, and as the change of velocity with the distance from the 
centre is very great, it will not be feasible to find the point at which to 
measure the mean velocity accurately. If one uses Pitot tubes to deduce 
the velocity, the only suitable way is to make a traverse of the pipe with 
the Pitot tube, or to use a series of tubes placed across the pipe. 

If a “ multiple ” tube is used (fig. 9*2, Spit-zglass, Wing) the pressure 
difference registered will be a mean of all the pressures existing at the 
orifices ; currents of air wdll be flowing in at the orifices near the centre 
of the pipe and out of those nearer the edges, where the velocities are less. 
With trapezoidal distribution, with * very small, the multiple tube wmuld 
be giving the pressure due to U, assuming none of the multiple tube open- 
ings go outside into the p area. 

Another method of taking readings is to take a series with the Pitot 
tube plaeed in positions on the circumferences of circles enclosing areas 
()•], 0-3, 0*5, 0*7, and 0*9 of the total area ; the tube should register the 
mean velocity in the areas, each of which is 0*2 of the total area, viz. 
those lying between 0 and 0*2, 0*2 and 0*4, 0*4 and 0*6, 0*6 and 0*8, and 
0*8 and 1-0 of the total area. 

Burnham’s method is to take readings at equidistant points along a 
diameter and to find the mean velocity by a graphical construction, as 
explained by Eq. 9*18 and fig. 9*4. 

Both the last-mentioned methods are good, but they involve taking 
a number of readings for each particular state of flow. If it is known that 
the distribution and flow are reasonably constant, one reading at a particular 
point will be sufficient. It would be advantageous if in all cases, when a 
number of readings are taken, the investigators -would obtain and state the 
two ratios (a) mean to maximum velocity, and (6) the position of the mean 
velocity in relation to the centre. 
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Table 9T. — Velocity Distribution in Pipes. 


Distance IV at which the mean velocity exists. 


Anderson ..... 


R'/R. 

•800 

Darcy ..... 


•689 

Burnham . 


•700 

Elliptical distribution . 


•745 

Griggs 


•650 

Innes ..... 


•660 

Moss ..... 


•700 

Tlirelfall 


( *775 
\ -750 

Ratio of mean velocity U to velocity U c 

1*770 

at the centre. 

Busey . 

(Vamp ..... 


•950 


•800 - 900 

Kneeland .... 


•753 

Loeb ..... 


•910 - -930 

M^Elroy ...... 


•784, -820 

Moigne ..... 


•858 - -860 

Pannell ..... 


•500 - -810 

Rowsc ..... 


•900 

Spitzglass .... 


•910 

Teago ..... 


•940 (special) 

Tlirelfall 


•873 

Weymouth .... 


•853 


Stanton and Panned (Phil. Trans., 211/ 1 !><>/! 91 4) investigated the value 
ot U/U„, which for stream-line, motion should be and found that this 
varied from about 050 to 0-81 as the values of u\)jy varied from 2000 up 
to 70,000. The variation is shown in fig. 9 '3. Obviously when D is large, 
the value will become about 0-81. 


C, D. Notes on various tests and forms of tip used. 

The rest of the chapter contains a discussion on various articles on 
this question : repetition has been avoided as much as possible. 

Innes (Fan, p. 84) states that the Prussian Mining Commission, in their 
tests at Breslau in 1884, found that the mean velocity, U, in a pipe, existed 
at a distance 0-66R from the centre, w*hen the velocity distribution was 
measured by means of anemometers. On p. 73 he gives^the theory of the 
Pitot tube, and includes a good description of Heenan’s tests upon the 
various forms of tip used for static pressures. 

Buscy ( Power , 37/156/1913) has given a short paper on Pitot tubes, 
and refers to Kneeland’s work. Busey says that it is usual to take, 

mean velocity, U=(0*87— 0*91)U o , 
but that one should take U=0-95U C 

or mean A=089A C at the axis for square ducts. 

=O90^ c „ „ round „ 

White (Jour. Assoc. Eng. Soc., 27/34/1901) deals with Pitot tubes used 
for measuring the flow of water ; he found that the dynamic head was 
practically u 2 /(2g) in all cases, and that, if the constant of the tupe, K, 
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differed from unity to a small extent, the constant as found by any method 
of rating was the same, so that it was immaterial what method was em- 
ployed. He made some experiments to determine the manner in which a 
falling jet of water spread out upon a flat plate, and also tested the normal 
pressure of a jet falling vertically upon a plate, the pressure being measured 
by Pitot tubes associated with small openings placed diametrically across 
the plate. In no case did the pressure rise above the value as given by 



Fig. 9*3.— -Ratio of mean velocity, U, to the velocity at the centre of the pipe, U c , for 
various values of mD/<’ ; u in cni/sec, D in cm ; v is the kinematical viscosity in 
(lyncH/uin-. Given by Stanton. 


u*l(2g) : this proved conclusively that the equation of impact w=(^H)* 
could not be true. 

Williams, Hubbell, and Fenkel (Trans. Amer . Soc. C.E., 47/1/1902) 
deal very fully with the flow of water, and on p. 64 come to the conclusion 
that the ratio U/U m =0*84. The traverse made by Pitot tubes showed 
elliptical distribution, and also gave the velocity at the centre as twice the 
velocity at the surface of the pipe, or A— B. Anyone interested specially 
in the«flow of water would find the whole of vol. 47 interesting. 
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Boyd and Judd (Eng. News, 51/318/1904) made a series of experiment 
to determine the value of the coefficient K for Pitot tubes of various foi ms ; 
they found that K was the same, no matter what the shape and size of the 
impact tube were, as long as the orifice was placed along the axis of flow. 
In these tests there was no trouble with the static pressure, as the measure- 
ments were taken in water issuing from an orifice : the static pressure 
outside the vessel was read. The velocity was found to be constant all 
across the jet, except close to the surface ; even there it was uncertain if 
the apparently lower velocities were not due to the Pitot tube mouthpiece 
not being wholly immersed in the fluid. References are made to Robinson’s 
and Freeman’s experiments made in 1886 and in 1889. 

Berry (Proc. Engr. Club , Phil., 27/167/1910) deals with the rating of 
Pitot tubes for use in water. Ho found that the constant was not always 
unity, but that it is found accurately by any method of rating. His experi- 
ments were carried out with velocities of flow 4 to 8 ft /sec; he rated 
tubes by dragging them at known rates through water, and by noting 
the velocities of floats in streams. 

Gregory (Trans. Amer. Soc. Mech. Engr., var. ref.) gives various papers 
concerning Pitot tubes. In 22/262/1901 he deals with centrifugal pumps 
and finds the quantities delivered by this method. In 25/184/1904 he gives 
a resume of Pitot tube tests, and gives drawings of tubes for which the con- 
stant is unity. In 30/350/1908 he gives curves showing the velocity dis- 
tribution, and also showing the pressure distribution for water flowing 
round bends. He found the same value for s=A/B = l- 00, as White had 
found. Gregory explains his method of taking readings thus. m IV) deter- 
mine where these shall be taken, the pipe is divided up into circular areas 
containing 0-1, 0-3, 0*5, 0*7, 0-9 of the total area : readings are taken on 
the circumferences of these circles, whose radii are 0-31 6R, 0*548R, 0*707 R, 
0-837R, 0*949 R. The areas of the first circle and the last concentric ring 
are each 0*108, and the areas of the other rings are all 0*2()»S. Batten and 
Treat use the same method. 

Burnham (Eng. News, 54/660/1905) describes tests made to determine 
the tube constant K. The theoretical velocity of the fluid, striking the 
tube is given by, 

w = 18-23(///m)* (9*15) 

and the actual velocity is — K(2gh'/m)K 

He found that K was practically unity, and comes to the conclusion 
that wherever it is found to be very different from 1*0, this has been due to 
a faulty reading of the static pressure. The mean velocity in the pipe 
occurred at a distance 0-70R from the centre. The static pressure was 
measured by means of a slit 1 J in. long and T ' d in. wide on the under side 
of the impact tube. 

Threlfall (Proc. Inst. Mech. Engr., — /245/1904) mentions tests made 
upon a Pitot tube in which the static pressure was taken from a thin- 
walled tube projecting into the pipe : in this case there was a large suction 
effect, and the relation between the velocity and the difference between 
the static and dynamic pressures was of the form H = k(u) n , where n was 
greater than 2, but the difference between that curve and the curve H = k(u) 2 
was not very great, and at one point the two curves cut. Of course, .if a 
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tube with the suction effect is employed, the amount of suction will vaTy 
with the velocity, and it is not certain that the amount of suction is always 
equivalent to u 2 /(2g). Threlfall determined the true velocity of the air 
by injecting smoke into the air current, and noting the time taken for the 
smoke to reach the open end of the pipe, which was about 110 ft. long. 
The first, appearance of the smoke was a measure of the maximum velocity, 
and fo^owing this appearance there was a smoky cloud, after which the 
cloud trailed off awl hung about the surface of the pipe, where the velocity 
was a minimum. The mean velocity was taken as the mean of the veloci- 
ties given by the first appearance of the smoke and by the time when it 
vanished. Threlfall found that the shape of the velocity curve varied 
considerably. Darcy says that for water the mean velocity occurs on the 
circle whose radius is 0-689R ; but in no case did Threlfall find this for air. 
He found that the mean occurred where R' =0*77511, while in one test 
where the readings were taken 10 yd. from a bend the mean occurred where 
lt'=-(MK)lt. The ratio of the mean to maximum velocity was fairly con- 
sistently 0*873 ; but he considered that if only one reading was to be taken 
it was best to take this at R'=-0*775R, and assume that this gave the mean 
velocity, rather than to take the reading at the centre and deduce the mean 
by multiplying by the factor 0*873. It is better to take tlie reading at the 
centre, according to Loeb. 

Threlfall describes a gas meter which embodies the Pitot tube principle : 
this consists of a small gas-holder immersed partly in oil ; tlie gas on the 
outside is in communication with the impact opening of a Pitot tube, and 
the gas in tlie inside is in communication with the static pressure. When 
there is any flow in the pipe, the bell-shaped holder tends to sink in the oil, 
and this tendency is balanced partly by a weight and partly by an electro- 
magnet. The force of the magnet depends on the (current) 2 , and the force 
on the holder on the (velocity) 2 , or (quantity) 2 , so that the current in the 
magnet will represent the quantity ilowing if the gas-holder is in equi- 
librium, and the temperature and pressure in the pipe are kept constant. 
If the current in the magnet is not sufficient to balance the air pressure on 
the holder, the holder will move downwards and, bv means of a long arm, 
will make an electric contact, which controls the supply of water to a cistern : 
in this water is a float at tached to the arm of a rheostat in the electro-magnet 
circuit. The moment the gas-holder makes the first contact, the current 
in the electro-magnet is increased, and this will tend to attract the holder 
and break the contact. If at first the electro-magnet is too strong, owing 
to a decrease in the quantity flowing and to a reduction in the pressure 
on the top of the holder, then the arm makes a contact which causes a 
reduction in the current strength in the magnet. 

Threlfall (Jour. Inst. Elec. Engr ., 33/31/1903) deals with the measure- 
ment of air used to cool electrical machinery, and discusses the use of 
Pitot tulies in a 21-in. diam. pipe. He states that a small hole bored in the 
side of the pipe gives the static pressure correctly, but that a hole bored 
in the flat base of a very flat cone is equally good : this was used by Heenan 
(see fig. 9‘2), but the disadvantage of using it lies in the difficulty of intro- 
ducing it into the pipe. The formula for Pitot tubes if half the momentum 
is destroyed is, 

p=$ww 2 , giving u== 1*414 (p/m)*. . . (9*16) 
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but Threlfall found that in practice 

u=l*377(p/m)* .... (9*17) 

giving K =0*975. u is in cm, p is in dyne/cm 2 , m is m gm/cm 3 , h' is in mm 
of water, and then w = 11-93(7?')*. The distribution of the velocity is not 
uniform, and it may be taken generally that the mean velocity exists at 
a distance 0-750R from the centre. Threlfall also says that the distribu- 
tion is not affected by any alterations in the mean velocity, and is there- 
fore independent of the quantity flowing. 

On his p. 37 he gives a table showing how the position of the mean 
velocity varied from 0*72111 to 0-8(>3R in various tests, and concludes that 
the mean value 0*77R is a reasonable one to choose. 

Taylor ( Amer . Nav. Arch, and Mar. Engr ., 13/9/1905) gives a long de- 
scription of the flow of air in ventilating ducts in warships, and describes 
minutely the use of Pitot tubes and the various formula* for use with them. 
ITis Pitot tube is shown in his Plate 7, and consists of a long tube with a 
slot in the side to give the static pressure (see tig. 9'2). He tested this 
opening for static pressure by placing it in a jet of air flowing from an 
orifice into the atmosphere, and states that the pressure as read by the st atic, 
opening was always greater than the atmospheric pressure, but that this 
pressure decreased gradually as the tube was moved away from the orifice : 
he states that if there had been a suction effect in the static opening the 
pressure registered would have been less than atmosphere : this is not 
quite certain, because the pressure in the jet was evidently not constant, 
and might have been higher than was registered if there had been no suction 
effect at all. When testing the flow in pipes, lie read the metfti pressure 
as given by ten tubes placed at various distances from the centre of the 
pipe : all the dynamic mouthpieces were connected to one side of the U 
gauge. The corrections re- q 

quired when the velocity is 
read in this way have already 
been discussed. 

Thomas (Jour. Franklin 
Inst., 172/411/1911), in de- 
scribing his electric meter, 
deals with the comparison 
of his meter with readings 
taken with the Pitot tube 
and with a Venturi meter : he 
employs a graphical method q 
to determine the mean velo- 
city as follows (see fig. 9'4) : — 

Draw a base line OC to . 

, ,, r til Fig. 9 4. — Method of finding the mean velocity in a 
represent the radius ol the pipe f rom pitot tube readings taken at various 
pipe i take a Pitot tube read- points in the pipe, 
ing at a distance r = OA from 

the centre, and let the reading be h. Erect a perpendicular CQ from C, 
and mark off CQ' = (A')* ; join Q' and O : erect a perpendicular from A, 
which cuts OQ # at P : P is a point on a curve which represents the total 
flow. Draw a line OC' so that the triangle OCC'=area under the qurve 
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OPC ; CC' then represents the head H due to the mean velocity in the 
same units as h . The proof is as follows : — 

The mean velocity U is such that 


7rR i V=J(27rr)dru . 

. (9-18) 

AP=,^CQ'=r, i _ R( - i . . 

. (919) 

2nj y *=/ 2 ^ ( '^=2,rarea OPC=2 ttAOCC' . 

. (9*20) 

2„40CC'-„RH<-^ 





Therefore U = (2</H)*, so that JI gives the mean velocity. 

Anderson {Mcch. Engr ., 27/635/1911) describes tests made by rotating 

^ Pitot tubes in air, the tubes having 

j various forms of tips : the tests were 
\ | made to determine the best angle at 

i / l /{ which to place the vanes of blowers. 

He states that a Pitot tube placed in 
front of an air duct from which air is 
flowing will give a reading h = u 2 /(2g), 
but makes no statement as to where 
the tube should be placed relative to 
the centre of the duct ; it is probable 
that the reading would vary with the 
position. If a tube is rotated about an 
axis through 0 (fig. 9’5), the suction 
head due to the centrifugal force is w 2 /< 7 , 
if the velocity of A is m: Anderson 
found that the head read on the gauge 


B 


a 


Fiq. 9*5. — Pitot tubes as used by 
Anderson. 


when 6— 0° or had negative values 


<—>n when 0>O° <30° 
fj 2? 

= 1! when 6= 30° or > 30°. 

2<7 

This would confirm Gebhardt’s statement that bevelling the end of the 
static tube does away with the suction effect : but the exact amount 
of bevelling is perhaps doubtful. Anderson’s experiments tend to show 
that the suction effect will always overbalance the impact effect, and 
therefore, if a tube is rotated about 0 (fig. 9*5), air will flow out of the 
mouthpiece in a forward direction, due to the centrifugal force overcoming 
the impact force. 

In testing the output from blowers, Anderson determined the quantities 
by means of tube readings taken where R'=0*8R from the centre, assuming 
thaUtbe mean velocity existed there : in his fig. 9, p. 637, it appears that 
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this velocity might easily have been more than the mean velocity, and 
that the quantities calculated from the Pitot tube readings would be 
perhaps greater than those actually delivered. 

Batten (Proc. Amur. Gas Inst., 6/369/1911) describes a method of 
regulating the flow in large gas mains supplying a town, where the terminal 
pressure is to be constant, whatever quantity of gas is being transmitted 
down the main : incidentally he mentions the determination of quantities 
by means of Pitot tubes, where the velocity is only 5 to 20 ft/sec. He used 
a U-gauge with one leg on a small slope, to measure the very small pressures 
whicli were to be registered. The tube he first used was made suitable 
for inserting in the mains through a 1-in. hole drilled in the gas main : this 
tube is shown in his Plate 8. The static end was quite straight and pro- 
jected into the pipe, and had a large suction effect ; this was afterwards 
discarded in favour of a separate 1-in. pipe let into the side of the pipe, 
which gave the static pressure correctly to within 1 per cent. 

Griggs (Jour. Gas Lighting , 120/670/1912) deals with the measurement 
of gas flow by means of Pitot tubes, and states that there is little information 
published on the subject ; but his paper seems to be based upon Batten’s 
paper : as mentioned by the editor of the journal in a later issue. He 
first used a static tube projecting into the tube, and found a large suction 
effect (fig. 9‘2) ; then he used a tube with a coned mouthpiece, which 
overcame the suction effect ; later on he used as the static mouthpiece 
an opening in the side of the pipe where the dynamic mouthpiece entered 
the pipe, and this he found quite satisfactory. Tie also found that a 
combination mouthpiece in which the static pressure was taken from small 
holes less than 0-04 in. in diameter gave a tube constant = unity ±1 per cent. 
In his tests, which were made on gas flowing at velocities up to 35 ft/sec, 
he used a U-gauge with one sloping limb, and found that the mean velocity 
occurred where It' =0*65 R. He says that the readings should be taken in 
concentric areas, but makes no mention of how the mean velocity should 
be obtained, and is not clear as to what concentric areas should be chosen. 
His results as to the amount of suction experienced with different kinds of 
tips are interesting. The tip with a bevel of 60° gave a suction effect just 
about equal to the velocity head. The other forms gave a smaller suction. 

Kneeland (Trans. Amer. Soc. Mech. Engr., 37/1137/1911) describes 
tests made upon a 24-in. pipe line, which was to be used for the trans- 
mission of coal by means of a current of air ; this current was produced 
by a Roots blower exhausting the pipe line, and the coal was carried in a 
finely divided state with the air along the pipe. He gives a good deal of 
information concerning the various forms of Pitot tubes. 

In his tests he used (1) the Gebhardt tube, which was first produced 
by Burnham, the static opening of which is made with a bevel ; (2) the 
Taylor tube (fig. 9*2) ; (3) the United States tube, which consists of a tube 
of seamless cold-drawn steel with one end bent towards the current of air, 
the static pressure being measured from a hole drilled in the pipe line. 
Kneeland comes to the conclusion that this last form of tube is the best 
for use with air flowing at high velocities, such as he used, i.e. from 50 to 
400 ft/sec, whereas the other types are satisfactory for low velocities, but 
they require careful handling, being much more delicate instruments. 

Gebhardt (Trans. Amer. Soc. Mech . Engr., 31/601/1909) describes 
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various forms of Pitot tube which were in use at the Armour Technological 
Institute for the measurement of steam flow. Besides the ordinary in- 
dicating flow meters, integrating flow meters with electrical and mechanical 
control are described : the latter suggest the forms of the British Thomson- 
Houston meteTS for steam and air. He states that the bevelling of the 
end of the static tube opening will do away with the suction effect. 

Cr/vwson (Comp. Air , 17/6036/1912), when using Pitot tubes for measur- 
ing flow, began his testing with a static tube projecting from the walls of 
the tube, and soon found it incorrect. If he had been aware of previous 
work on the subject, this fact could have been known, and the time during 
which incorrect- results were obtained might have been saved. 

Treat (Trans. Amcr. Hoc. Mcch. Engr.^ 34/1019/1912) describes tests 
made upon centrifugal fans, and mentions Pitot tubes : lie does not alto* 
get her agree, witli other experimenters as to what tubes are suitable. He 
found that two -02-in. holes bored in a in. brass tube tJ> in. thick 
gave correct readings, but that if the holes were ^ in. in diameter the 
Pitot readings were faulty : a slot 2^ in. long and in. wide gave read- 
ings as much as 14 per cent, wrong : this last tube was the type of tube 
used by Taylor. A slot £ in. long and -01 in. wide gave fairly true results. 
He calibrated the tubes by rotating them in air at a known speed. He 
suggests dividing Tip the area into half as many circles as there are to 
be readings, to get the mean velocity in a pipe, and then taking readings 
on the circumference of circles which divide the concentric areas equally. 

Spitzglass (Proc. Amcr. Gas Inst., 9/615/1914) gives the particulars 
which are, required in drawing up specifications for blowers, and describes 
the methods of testing them. He says that when using the Taylor tube 
the mean velocity is 0-91 of the velocity read at the centre of the pipe ; 
but why this should depend upon the type of tube used is not stated. 

The Pitot tube equation is, 

u=(2gh f 5-2/m)* .... (9*22) 

if water is the liquid in the U-gaugc. The mean velocity in ft/min is, 

60U = 11 00 cK (ft'/m)* .... (9*23) 

where the reading h! is taken at the centre and c=U/U m . Spitzglass also 
uses the ratio of the mean velocity to the velocity as read by a multiple 
Pitot tube, c, = U/U\ He first used a pair of tubes whose mouthpieces 
were turned towards and away from the flow respectively ; this gave 
cK=0-73: later he used the multiple tube with the openings all across 
the pipe, and in this case c 1 K=0-75. This type of tube is used by the 
British Thomson-Houston Company in tlieir meters. The coeflicients in 
his equations include two unknown factors, one the tube constant K, 
which would include the suction effect of the static tube, and the factor U/M w 
depending upon the distribution, which is not known accurately. 

In Power , 32/918/1910, and Electrical Review (Amer.), 63/238/1913, is 
given a description of ret* or ding and indicating steam meters made by the 
General Electric Company in America : a multiple Pitot tube is placed 
in the steam pipe : the difference of pressure controls the mechanism by 
depressing or elevating mercury in cups. The steam meters made by the 
English British Thomson-Houston Company are of the same type. 
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Raynes (Heat, and Vent., p. 299) says that the velocity of gases in 
chimney flues is, 

m = 18-3(A"/m)* .... (9*24) 

where m is the density of the gases, and h" is the water gauge given by a 
Pitot tube. He says nothing about the position in which the tube should 
be placed, and the velocity will therefore be only the velocity at a particular 
point in the chimney. • 

Eiffel (Resistance of the Air , p. 3), in making experiments on air resist- 
ance, tried various forms of Pitot tubes for measuring velocities, and used 
as the standard to find the velocity, calibrated anemometers obtained 
from Recknagel, Hamburg, and from Oasartelli, London. The ordinary 
form with a small hole in the side of the tube he found to be incorrect by 
1 per cent. ; but with a tube similar to that used by lleenan he got readings 
12 per cent, wrong. This seems to have been due to the rounded form 
which he gave to the surface at the mouthpiece, and to the proximity of 
the dynamic mouthpiece (fig. 9*2). 

Loeb (Power, 37/302/1913) describes tests made in a 121-in. duct at 
the U.S.A. naval experimenting station with a Taylor Pitot tube. An elbow 
at a distance of 8 diameters from the point where readings were taken 
caused disturbance in the velocity distribution. He found the ratio U/lT r , 
with u from 20 to (50 ft/sec, to be about 0-93 at u — 20, and 0*91 at u = 60 ; 
between these values it decreased regularly as the velocity increased. He 
states that it is best to put the Pitot tube at the centre of the pipe, and to 
use the value of the ratio U/U c , rather than to attempt to find the point 
of mean velocity, which is very uncertain ; the velocity round about the 
centre point does not vary much. 

Teago (Jour. Ivst. Elec. Engr., 52/563/1915) describes the measurement 
of air for cooling transformers. The quantity was measured by a Brabbee 
tube used in a portion of the pipe where the velocity was made as uniform 
as possible by means of baffling : he found that gauze placed across the 
pipe produced a distribution which gave a constant velocity all across the 
pipe, except at the surface ; this is shown in fig. 5 and 6, p. 565, of his paper. 
The ratio of the mean velocity to the velocity at the centre came out as 
0*920, 0*940, 0*942, and was constant while the mean velocity varied from 
13*5 to 21 ft/sec. He found that when a large Brabbee tube was used, 
where the area taken by the tube was 3*16 per cent, of the pipe area, the 
velocities registered were 6 per cent, to 9 per cent, greater than when the 
small Brabbee tube, occupying only 0*163 of the pipe area, was used. The 
tube constant was taken as being 1*0. 

Teago also mentions in detail the theory of the differential multiplying 
manometer, for measuring pressures of hundredths of an inch of water. 
The principle of the instrument is as follows. Instead of a plain U-tube 
of constant bore throughout, a U-tube of very small bore connects two 
vessels of large capacity and area. Liquids differing in density are placed 
in the vessels, and the surface dividing them lies somewhere in the small 
tube connecting the vessels. When there is any alteration in the difference 
in pressure between the two vessels, one liquid is depressed and the other 
rises : consequently there is a flow in the U-tube, and the position of the 
surface of division is altered. The displacement of this surface is great 
compared with the alteration in level of the liquids in the vessels. 
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If the area of each of the vessels is A, = say, 5 sq. in., and the area of 
the U-tubc is a, ==-01 sq. in., then if the excess pressure causes the differ- 
ence in levels of the liquids in the vessels to alter by 0-02 in., the surface 

of division must move up the 
U-tube to the extent of 5 in., 
to allow of the change in height 
of 0*01 in. in each vessel. 

The equations of the 
process are as follows (the 
symbols here used are not 
mentioned at the end of the 
chapter) : — * 

As shown in fig. 9*6, let 
and L 2 be the heights in inches 
of the liquids in the vessels 
above the dividing surface X 
when the pressures in the two 
vessels are equal, and let m 1 
and m 2 be the densities of 
the liquids; then L 1 ?>/ 1 =L 2 ^ 2 - 
Now let P 1 — P 2 =H inches of 
water (density of water —m 0 ) ; 
the liquids in the vessels move 
up and down h' inches, and the dividing surface moves up h inches to Y, 
where ah — Ah', 

The equation of equilibrium, with the liquids subjected to pressure, is, 

-f (L x — 7/ — 7*') wij = m 2 (L 2 — h + ti), . . (9*25) 

giving m 0 H = (7* 1 A')^— m 2 (A— 7*') . . . (9*26) 

Now, if one liquid is water, then m 0 =m v and 


11 = 7/ 


f{(l 

I--)! 





V m 0 ) 

A \ 

■1" o '- 1 





—h (const.), when m v m. z , a , A are fixed. 


Now, if //f 2 = *80 , as for paraffin oil, 

R ='(l- +aJ r) • • • • ( 9 - 28 ) 

If a is only A/500, then the latter part may be neglected, and the move- 
ment of the surface of division will be five times the difference of water 
gauge existing between the bulbs. The constant is fixed for any particular 
manometer as long as the specific gravities of the liquids are kept constant. 
The greater the size of the vessels, the smaller the pressure which can be 
accurately read. This manometer is described in Engineer , 109/366/1910. 

Thurston (Aero. Jour., 15/65/1911) describes tests made upon the air 
pressure upon rods, wires, and bars of various section. Very precise 
measuring instruments were employed, and the fittings were arranged 
so that the distribution of velocity over the air passage was uniform. 



Fia. 9'6. — Theory of the differential multiplying 
manometer. 
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For measuring velocities a Pitot tube with a constant 1*03 was used, 
w 2 = l-03(2#H)*. To read small differences of pressures as given by the 
Pitot tube a tilting manometer was used. This manometer consisted of 
two tubes of relatively large section connected by a small tube : when a 
difference of pressure existed the liquid in one vessel was depressed, and 
then the tubes were tilted until the level of the liquids in the two vessels 
was horizontal again : a telescope was placed so that the coincidence of 
the two surfaces could easily be determined. The tilting was done by a 
levelling screw, a complete turn of which altered the level of the bottom of 
the tube by 1 mm, and the head of the screw was divided into 100 parts, 
so that an alteration in level of 0 01 mm could be detected. 

Gibson ( Engr ., 118/29/1914) discusses the theory of the Pitot tube and 
of the intensity of pressure over a plane area due to an impinging fluid. He 
gives photos of the stream-lines obtained with certain Pitot tube tips 
inserted in moving water. 

Henry (Comptes Rendus , 155/1078/1912) describes a micromanometer 
consisting of two large glass bulbs connected by a small tube in the middle 
of which is a bubble of air. Carbon tetrachloride is the liquid used in the 
bulbs : a pressure of 0 005 mm of water is sufficient to give a movement 
to the bubble. 

Pannell ( Engineering , 96/343/1913) describes in detail a suitable tilting 
manometer for measuring water gauges of 0-00006 in., or pressures of 0-000002 
lb. per sq. in. : the manometer was designed by A. P. Chattock, of Bristol 
University, and is described in Phil. Mag., 19/450/1910. 

Retschky ( Motorwagen , 15/207/1912) reports tests upon ai* pressure 
upon surfaces when air is moving at the velocities ordinarily experienced 
in flying. In discussing the effect of variations of the air velocity with time 
upon the velocity measurements, and dealing specially with Pitot tube 
measurements, he shows how the ordinary reading will give too high a mean 
velocity. 

Supj)Osing that the velocity, at the point where the Pitot tube is placed, 
is constantly varying with the time, then the surface of the liquid of the 
manometer showing the difference of pressure will be constantly shifting 
if the variations are able to transmit themselves to the liquid. If these 
variations are throttled so as to get a steady reading, then the manometer 
will give a mean reading. 

Suppose that the velocity at any instant, u—u 0 ( 1 ±A), where u 0 is the 
mean velocity over the period of time during which the reading is being 
taken, then [u 0 \dt=0, because u 0 is the mean velocity. 

The Pitot tube reading measures u 2 /(2g), and therefore the manometer 
reading will be a measure of 

(9 29) 


The value of this is always greater than 


by f\y> an< * the reading 


will be this much in excess of the true value. 

Fry and Tyndall (Phil. Mag., 21/348/1911) describe very careful tests 
made to determine the Pitot tube constant. The value was first found* by 

13 
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rotating the tube in still air, and came out as 1-002 for velocities 600-2000 
cm/sec (20-65 ft/sec), but became 1*01 at about 10 ft/sec. 

They show how the method of finding the constant from readings taken 
over a pipe give an artificial value to k , if it varies with the velocity, because 


Q= 

J L m J 


(9*29a) 


If k depends upon the velocity, it is not correct to treat it as a constant 
and put it outside the integral. That point is immaterial in commercial 
work. The experiments upon the distribution of velocity in a pipe were 
made on a 2-in. tube 18 in. long ; quantities were measured by a gas-holder : 
the distribution did not follow the parabolic law even when the flow was 
stream-line. 

They tested Pitot tubes with exceedingly small mouthpieces, and found 
that these gave a value of k 1-10, etc., several per cent, above 1-00 ; this 
was due to the effect of the very small edges of the tube. Tubes tested 
had a 0-2 x 2 mm orifice, with walls 0-05 mm. Such small tubes would not 
be used in commercial work, but are necessary if the distribution of velocity 
is to be measured very close to the walls of the pipe. 

They state that the constant cannot be obtained accurately by deduction 
from the quantity when the velocities in the pipe are low. 

Fry (Phil. Mag., 25/494/1913) describes a form of micromanometer in 
which an animal membrane (“ Badische,” supplied by Ferris & Co., Bristol) 
is fixed to a ring of metal. The membrane deflects when subjected to very 
small pressures, and causes a mirror to rotate. Fry states that the smallest 
detectable pressure is 0-001 dyne/cm 2 . He gives a table of references to 
other forms 1 of micromanometers in which the smallest detectable pressures 
ranged from 0-68 to 0-01 dyne/cm 2 . 

Cramp ( Manch . Phil . Soc., 58/memoir 7/1914) describes tests made on 
the following forms of Pitot tube : the Nipper, the Brabbee tube, which is 
like Taylor’s, and the ordinary form with the static mouthpiece in the wall 
of the pipe. He mentions Krell and Prandtl’s “ Pneumometer,” which is 
the Stauscheibe. His tests gave U/U 0 varying from 0-8 to 0-9 with 
velocities 6-7 to 9-42 m/sec. 

Rowse {Trans. Amer. Soc. Mech. Engr ., 35/633/1913) has given a full 
report of experiments carried out upon many forms of Pitot tubes, and has 
determined the constants for these tubes accurately. The tests were made 
at the Wisconsin University, in order to form an idea of the reliability of 
the Pitot tube of various forms. To measure the quantity of air he used 
the Thomas electrical meter, using the formula, 

** 0-00948 (watts per min.) 

~~(rise of temp.) (sp. heat of air) * * ' 

The quantities compared in the tests were : (i.) the quantity as measured 
by the Thomas meter ; (ii.) the mean velocity as obtained from readings 
taken at ten points across a diameter by Pitot tubes, using the velocity 
head as shown between the two openings of the Pitot tube in use ; (iii.) 

1 Rayleigh, Phil. Trans., 196a/205/1901. Morley, Amer. Jour. Sci., 13/455/1902. 
Bering, Ann. d. Phys. t 21/319/1906. Scheel, Deut. Phys. Get., 11/1/1909. 



MEASUREMENT OF AIR BY PITOT TUBES. 


173 


the mean velocity as obtained from Pitot tube readings taken at ten points, 
the static pressure being taken from a series of small holes bored in the side 
of the pipe — that is, by means of a piezometer. As is well known, this 
method is the best for obtaining static pressure. The following quantities 
were then deduced : 

Cj = quantity as given by the Thomas meter = correct quantity,^ 

C 2 = „ „ „ Pitot tube, using its openings, 

C 3 = „ „ „ Pitot tube and piezometer, 

and the relation between the mean velocity and the velocity at the centre 
of the pipe as given in methods (ii.) and (iii.). The ratio CJC 2 varied from 
1*0987 to 0*9861 for the various forms of tube ; the ratio (\/C 3 varied from 
0*992 to 1*0175, the mean value being 1*0033. The ratio of the squares 
of the mean velocity to the squares of the velocities at the centre when the 
Pitot tube openings were used varied approximately thus : 

0*77, 0*80, 0*80, 0*81, 0*79, 0*78, 0*77, 0*81, 0*79, 0*80, 

and 0*76, 0*75 for the Pitot tube with bevelled ends. When the Pitot 
tube dynamic mouthpiece and the piezometer were used the variation was 
remarkably small, the value of the ratio being 0*79 approximately in all 
but two cases, when it was 0-80 and 0*81, this latter occurring with the 
bevelled-ended tube. Certainly for general purposes or commercial use 
the value 0-80 would be satisfactory. Kowse’s conclusions are : — 

1. The Pitot tube is correct to within 1 per cent, if the dynamic opening 
is used, the static pressure being read on a piezometer : both readings 
being taken at least 20 to 38 diameters from the last preceding bend or 
irregularity in the pipe direction. 

2. Any form of dynamic mouthpiece is correct. 

3. The piezometer method of finding static pressure is correct. 

4. If the static pressure is to be measured by the Pitot tube, two holes 
0*02 in. diameter, bored in the smooth sides of the leg pointing along the 
axis of flow, will give it correctly. 

5. Bevelled tubes are decidedly unreliable, because one can never be 
certain that the bevelling is precisely at right angles to the axis of flow : 
a very small angle of divergence from its true position will produce serious 
errors. 

6. The German form of tube, the Stauscheibe, is reliable when its own 
constant, 0*854, is used. 

7. For approximations one may take the reading of the Pitot tube at 
the centre of the pipe, and use the formula U = [2^(0*80)HJ*, where H c is 
the velocity head at the centre. 

In Amer. Soc. Heat, and Vent . Engr ., 20/210/1914, there is a report of a 
committee appointed to consider the best methods in which to use Pitot 
tubes. They recommend that the tube should be placed at a distance 
10D from the outlet of the fluid, and suggest the use of Stanton’s form of 
tube (fig. 9*2). For approximate work they state that the reading of the 
water gauge at the centre should be multiplied by 0*81 to give the mean 
velocity, or the velocity at the centre should be multiplied by 0*91 to give 
the mean velocity. # . 

A form of tube frequently mentioned in German reports is the 
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Stauscheibe (fig. 9 ’2), which consists of a solid drum, in which are the orifices 
for measuring pressure. This form of tube was introduced by Recknagel 
(Z.V.D.I., 30/489/1886), who found that the pressures registered in the front 
and back orifices were, 

P-f uhn/(2g) and P-0-37w 2 /a/(2^) . . . (9*31) 

where* P was the static pressure in the pipe. Then, 

P x — P 2 = 1 *37 mw 2 /2<7 .... (9*32) 

Muller ( Z.V.D.I. , 52/285/1908) tested the ratio of the max. to mean 
velocity in a pipe, using the Stauscheibe to measure the velocity at the centre 
and taking 1 *37 as the constant. The mean velocity was deduced from 
the quantity, which was measured by containers. Muller found then that 


mean vel. 
max. vel. 


V: 


37 

2-428 = 


=0-753 


(9’32(7) 


with velocities varying from 10 to 33 ft/sec. 

Rietschel (Gesuvdheits Ingr ., 28/313 Fest. p. 10/1905) states that a 
Stauscheibe is correct as long as its diameter is not more than j\,th the 
diameter of the pipe in which it is placed. The same writer (Mittcilungs P. 
fur H. und L.A. , p. 62) made exhaustive tests in 1912 upon this instrument, 
and found that RecknageTs constant, 1-37, did not hold : the tests showed 
that the constants varied from 1-30 to 1-48, and Berlowitz found a value 
1-50. The whole of the inaccuracy arose in the suction opening constant, 
which depends upon the distance between the front and back openings. 
In these tests special measures were taken to ensure an even distribution 
of flow over the pipe. 

Recknagel (Ann. dvr Phys ., 10/677/1880) describes experiments made 
upon the air pressures set up in holes in the faces of planes, when the planes 
were rotated upon a whirling table in air : from these he later on deduced 
his theory of the Pitot tube and the Stauscheibe. 

A description of an instrument for measuring wind pressure, using the 
principle of the Stauscheibe, is given in Proc . Inst. C.E. , 139/446/1900. 
The resultant pressure & = l-37wm 2 /2# (metric). The instrument was made 
by Krell of Nuremberg. 

Weymouth (Trans. Arner. Soc. Meek. Engr., 34/1091/1912) has given a 
paper dealing with the measurement of natural gas flowing from wells, and 
mentions various types of meters. In one case he used Pitot tubes, and in 
order to get a consistent variation in velocity of the gas across the pipe, 
he inserted a specially smooth length of pipe, from 2 in. to 5 in. in diameter, 
in the pipe line, and then placed the dynamic mouthpiece of the Pitot tube 
in the centre of the pipe, so that he felt certain that the maximum velocity 
was registered. He found by experiment that the ratio of the maximum 
velocity to the mean velocity was, on the average, 0*853. 

Weymouth’s equation for quantity, as found by Pitot tubes, is, 

Cu. ft/sec = Q=0-0608E (=0-853) d* l-Pf • . (9*33) 

Vo ^-P l i J 

p l and T x referring to the pipe, and p 0 and T 0 to the standard temperature 
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and pressure at which volume is measured, h" is the velocity head read at 
the centre of the pipe. 

Moss (Jour. Amer. Soc., M.E. , 38/869/1916) describes the use of the 
impact portion of Pitot tubes — which he calls “ the impact tube ” — when 
testing the output of blowers and fans at the Lynn steam turbine works 
of the General Electric Company of America. Moss says that in the case 
of a converging nozzle, with a straight portion following the smallest part, 
placed at the end of a pipe, the pressure in the issuing jet is constant all 
across the jet, except close to the edges ; and further states that the velocity 
distribution in a pipe is elliptical, and the position of mean velocity exists 
at a point 0-711 from the centre. 

Convergent nozzles should be finished off with a cylindrical pipe to ensure 
that the gas completely fills the whole of the orifice area, thus making the 
coefficient of contraction c c =l-00 ; the length of this pipe should be about 
where D 2 is the diameter of the orifice or pipe. He examined by means 
of a jjV-in. impact tube the velocity distribution across jets from 4-in. 
orifices, and found that the velocity was constant till within -Jin. of the edge. 

When obtaining static pressures it is desirable to have large holes in 
the pipe walls — say | in. to J in. — so as to reduce the errors arising from the 
leakage in the pipes leading from the static holes to the pressure indicator. 

Zichendraht (Ann. dcr Phys ., 340/61/1911) mentions a typo of Pitot 
tube, a “ Sonde,” which gives the static pressure correctly independently of 
its position in an air current (fig. 9’2). 

Stodola (Z.V.D.I., 63/31, 96/1919) gives curves of velocity distribu- 
tion in pipes as found by Fitot tubes. 

Rosenmuller (Rauch u. Staub , 5/65/1915) used a Fran dtl-Pi tot* tube (set* 
fig. 9*2), which gives the velocity correctly even though the tube has an 
inclination up to 15° from the direction of flow. Associated with the 
tube he used a manometer with an adjustable inclined leg. 

Hunsaker (Smiths. Misc. Coll. , 62, pt. 4/27/1916), in discussing Pitot 
tubes, mentions that the static openings should be less than 0*03 in. in 
diameter, and that an inclination of 2° to the direction of flow produces 
no error. The Krell inclined manometer was found to be good for com- 
mercial work, with errors less than \\ per cent. Inclining the tubes beyond 
6° to the direction of flow gave errors exceeding I per cent., except with 
one Taylor tube, 13 in. long, in. diameter at tip, with twelve holes of 0*02 
in. diameter along each side to measure static pressure. 

Moigne (Amer. Soc . M.E. Jour., 38/755/1916 ; Ann. dcs Ponts el Ch., 
30/303/1915), in testing the distribution of water flow, found H/IT C — 0-860 to 
0-858. McElroy ( U.S. Bur. Mines , Serial 2527), in 8-in. and I5-in. pipes, found 
U/U c =0-784 when the head was 0-1 in., and 0-820 when the head was 10 in. 

Hagenbach (Phys. Zeit., 18/21/1917) describes a needle Pitot tube, 
1*6 mm outer diameter, 1-0 mm inner diameter, with a 0-2 or 0-4 mm hole 
in one side. When rotated so that the hole faces the air flow, angle=0, 
the pressure, P', is a maximum ; when the tube was at 44° the pressure 
was equal to the static pressure. When at 180° the pressure, P", was a 
minimum. There was a constant relationship (call it a) between the 
positive dynamic pressure shown at 0° and the negative dynamic pressure 
shown at 180°. Let the static pressure be p, and let mu 2 l(2g)—mh. Then : 

P'=p+mh, P”=p—amh, aP'=ap+amh . (9*33a) 
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Adding the second and third equations together, 

dP+V^Q+afr. 

Thus if a is known the static pressure can be deduced from P' and P*. 
The values of a were found to be as follows : — 

mm. mm. mm. cm/aec 

Diamater 1-3 and 0-7 ; opening 0*3 ; u~ 7-4 

„ 1*3 „ 0*7 ; „ 0-5; w=7-4 

„ 1-6 „ 0-7; „ 0-4; 6-0 

0 is the angle when there is no dynamic pressure. 

Shaw (Roy. Soc. Canada Trans., 12/135/1918), testing Pitot tubes for 
measuring gusts of wind, found ?/ 2 — (J52.[.-2-4)/>, when comparing readings 
against those with standard Robinson cups ; theory gives the constant 151, 
so K=-99 to 1-024. 

Seeliger (Phys. Zcit., 20/403/1919) describes a gust measurer to be held 
in the hand ; it is made up of a Stauscheibe and a capillary tube for letting 
air flow through under the pressure duo to the wind. A mica beam is 
deflected by the air pressure and is visible in a microscope. 

Weber (Power, 50/702/1919) tested a Stauscheibe with the back and 
front in the form of cups, with leading-in tubes of J-in. brass, and found 
the constant 0-84. 

Taylor (Amer. Soc. M.E. Jour., 42/334/1920: Power, 51/1022/1920), 
testing velocity distribution in -C25-, -875-, and 1-5-in. pipes, found U/IT W 
= •862, -842, -850, and -863, respectively, with V m ~- 1 4-5, 35-7, 63-1, and 
106-5 ft/sec. 

Collins (Eng. News Ree., 87/616/1921) describes a Pitot tube consisting 
of a straight tube running from one side to the other of a pipe. One orifice 
is facing upstream and the other downstream ; the tube is so long that the 
orifices can be brought outside the pipe via the stuffing-boxes. The Pitot 
needs calibration in silv, as the difference in pressure between the upstream 
and downstream orifices depends upon the dimensions of the tube. 

Miss Muriel Barker (Proc. Roy. Soc., 101/435/1922) tested some very 
small Pitot tubes to determine the velocity close to the walls of a pipe ; 
she found that j)—hn 2 u down to values of w=6 cm/sec, for values of 
rw/y>30, where r is the radiuB of the Pitot tube opening. When w<6 cm/sec, 
p>\mu 2 , and becomes 

lmu 2 -\-3rjul(2r). 

pl(mv 2 ) became 0-65 when w=l-5, 0-56-0*63 when u=2, and 0-52-0-55 
when w=4. Tests were made in a 1-1 cm diameter brass tube, 70 cm long; 
the Pitot tube was 1 mm in diameter. 

Foch (C.R., 179/592/1024) tested in water two Recknagel discs each 
8 mm wide but with diameters 15 mm and 28 mm, respectively ; the velocities 
were 0-6-3-50 m/s. The constant was 1-35x0-0025. The variation of the 
constant with inclination at the velocity 2-43 m/s was : 

Angle 0 10 20 30 40 50 60 70 80 90° 

Constant 1-35 1-345 1-32 1-215 1-07 0-905 0-795 0-70 0-46 0 

Proebstel (Elec. World , 85/711/1925), for a 9-ft. diameter pipe, describes 
a method of recording the quantity photographically. Twenty-one Pitot 


a=0-85 ; 0=4 5° 

n.=0-80 ; 0=50-3° 

a=0-85 ; 0=44° 
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tubes placed at the central points of equal areas were brought out of the 
pipes so that the liquid giving p\—p 2 was visible through glass tubes 
against a white-lined chart as a background. 

Schrader (Phys. Rev., 13/321/1919) describes a mirror manometer to 
register quickly changing pressure's when freezing and vaporising C0 2 , etc. 
The pressure is led to a large chamber associated with a U-tube ; the chamber 
is filled partly with mercury, on which rests a glass bead fused to one end 
of a lever arm, at the other end of which is a mirror reflecting a beam of 
light. Pressure variations of *001 mm of mercury are revealed. 

Wagstaff (Phil. May., 45/84/1913) describes an optical manometer where 
the pressure on a glass disc 1*95 cm in diameter and 1 mm thick causes 
fringes to close in towards the centre as the glass deflects under pressure. 
The manometer was employed to measure the increase of pressure in a 
vessel after certain periods, when air was flowing in through a capillary 
61-6 cm long. 77— 1-811 X 10~ 4 at 18-5° C. 

Duncan (Jour. Sci. Inst., 4/376/1927) describes the use of an additional 
bulb containing just the right amount of fluid to compensate for the fluid 
above the bubble on the Chattock tilting manometer so as to comj>ensate 
for the creep of the zero as the temperature rises. 

An extremely sensitive micro manometer in which an inclined glass 
tube at a slope of 1 in 10 is used is described by Hodgson (Jour. Sci. Inst., 
6/153/1929). A movement of -0001 in. of the meniscus can be watched 
through a microscope, so that a difference of level of *00001 in. is recognis- 
able. The meniscus can be brought back to zero by rotation of a screw- 
head which controls a displacer in the oil, and the movement is readable 
on a vernier. 

E. Formulas for quantities and velocities of fluids as measured 
by Pitot tubes. 

A" = head in inches of water due to the mean velocity. 


p= specific gravity of the gas. 



1 . (934) 

m the density can be measured at either 1\ or P 2 . 


r^'CT Ik 

Cu. ft/sec at P lf T x =14-32D 2 [^p-- 1 J .... 

. (9 35) 

• • • 

. (9 36) 

Cu. ft/sec at P 0 , T 0 =0*725^^[ ^-31* using lb/ft 2 . 

l 0 L p±i J 

. (9 37) 

= 0- 0604^—^ pT* 1 J * us ^ n S lk/i n2 • 

. (9 38) 

Cu. ft/hour at P 0 , T 0 =218^ -f 1 !* .... 

Po A i J 

. (9 39) 
» 
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Lb/hour =632^[/i"p 1 p/T 1 ]l (940) 

Lb/sec = 14-32D 2 (6"m)* = 14-32 [^r 5 ]* • • (941) 

= 0-lO.f^] = 0-001 

Thetmax. velocity = U rn , and gives a pressure of h " m . 

The mean velocity — U, and gives a pressure of h 
Also U=cU m and h"=jh" m , c=jK 

Experimenters give values of either c or j : the best way to use the for- 
mula is to use h " due to the mean velocity, obtaining this by the use of 
the correction factor j, after taking the reading h'\ n at the centre of the pipe. 
The formulfe in metric units arc as follows ; A=mm of water : 


m = [2?H]4= [2.9(P x - P 2 )/»),]i = 4-43(6>,)i . 

. (9*42) 

=4-43[6CT 1 /pP 1 ]l=24-l[6T' 1 /pP J ]i . 

. (9*43) 

Kilograms per second. 


M = Smotj =3-47D 2 (6»w 1 )i= 3-47(10) _ 6 d-(/i /w x ) i 

. (9-44) 

=3-84(10) _6 d 2 (6)* for air .... 

. (9*45) 


. (9*46) 


Cubic matres per second, Q at P 0 , T 0 , 

S^/PJo^S’^D^oPir Ali_3*47D 2 / Wi p 1* 

y “‘P 0 Tr “TiP 0 UJ m 0 '“LmJ 
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CHAPTER IX.— SYMBOLS USED. 


Equation. 

Symbol. 

Meaning. 

914 

a =u—V 

= difference between velocity at a point and the mean 
velocity. 

909 

A 

= difference between maximum and minimum velocity. 

909 

B 

=the minimum velocity at the surface of the pipe. 

9’ 10 

A+B=U m 

= maximum velocity. 

912 

c =U/U m 

=ratio mean to maximum velocity. 

935 

d, D 

= diameters. 

901 

9 

= force of gravity. 

. . 

H, h" 

—head due to mean velocity. 


H» S h" m 

= ,, ,, to maximum volocity. 


H', h'" 

= „ given by multiple tube. 

914 

h lt h 2 

— „ at particular points in pipe. 

934 

j =(U/U M )s 

= ratio of head duo to moan volocity to head duo to 
maximum volocity. 

903 

k ^Pj/P.-l 

= excess pressure in Pitot tube. 

9 08 

k , K—u/(2gH)l 

= coefficient for use with Pitot tube formula. 

944 

M 

weight of gas flowing per second. 

903 

m 

= densities. 

903 

n 

—index of poly tropic expansion. 

9 14 

n 

= number of Pitot tube readings taken. 

902 

P 2 

— pressure in the pipe, or static Pitot tube. 

902 

Pi 

= „ in dynamic mouthpiece of tubo. 

9 17 

V 

= »> »* >> »» 

9 33 

Q 

=■ volume per second flowing in pipe. 

9 096 

R =*D 

— radius of pipe. 

. . 

R' 

= position of mean volocity from centre. 

9*09 

r — R sin 0 

= distance of any point from centre of pipe. 

9*096 

S 

=area of pipe. 

934 

T 

= temperatures. 

9*09 

XT =Q/S 

=mean velocity. 

9*09 

V m =A+B 

—maximum velocity in the pipe. 


u c 

= velocity at the centre of the pipe. 

9*10 

U' 

= „ as given by the multiple tube. 

. . 

u 

= „ at any point. 

. . 

Uo 

=mean velocity over a period of time. 

. . 

% 

= velocity at a particular point. 

. , 

V 

= volume. 

9 19 

V =(r/R)M 

= mathematical expression. 

9 12 

2 =A/B 

= coefficient defining distribution of velocity. 

9*09 

0 

= angle defining point in pipe. 

929 

A —u/u 0 —l 

= variation in velocity over a period of time. 

9’33 

P 

= specific gravity of the gas. 




CHAPTER X. 


ELECTRIC VELOCITY METERS AND 
HOT-WIRE ANEMOMETRY. 

Hot-wire meter — Principles employed — Conductivity of gases — Radiation from hot 
bodies — Temperature gradient in hot wires — Laws of convection — Convoctivity 
of wires, A — Currents required in hot wires — Values of A — Convection laws for 
elliptical bodies — Equation for total heat loss, including conduction and radiation 
— King’s hot-wire meter — Convection from spongy platinum — Convection from 
hot nickel — Convection from wires in water. 

In dealing with this subject a number of physical problems arise, and a 
knowledge of the values of many physical constants is required. Some 
of the questions which concern us are : — 

Conductivity of gases. 

Laws of radiation and radiation constants of wires of various metals. 

Laws of convection currents round wires. 

Specific heat of gases and of the metals used for wires. 

Specific resistance of wires and the temperature coefficients of electrical 
resistance. 

No special knowledge of these questions is necessary to use hot-wire meters, 
but for a discussion of the meters such knowledge is desirable. 

A. General principles of the meter. 

This type of measuring instrument is a recent development, and so far 
the author has seen no commercial meter of this type. The meter consists 
of a wire of very small diameter, usually of platinum, kept at a definite 
temperature by means of an electrical current : the magnitude of the 
current is varied as the air currents vary, so that the temperature of the 
wire and its electrical resistance shall be constant. 

The chief use of such a meter is to determine the distribution of velocity 
in air currents, and also to determine the direction of the velocities. Quanti- 
ties of air are not so readily measured, as the ratio of the mean velocity of 
the air over the area considered to the velocity measured by the meter 
would have to be known. 

The principle underlying the working of the meter is that, given any 
wire at temperature T ls and air flowing past it at velocity u, there is a con- 
vection of Q c units of heat, and a radiation of Q r heat units per unit area 
of surface. Q e depends upon the velocity of the air, and Q r is independent 
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of the velocity. We should like to be able to determine the values of Q c and 
Q f for any wire at any temperature, and for any velocity of any type of gas. 

There are two different sets of problems to be dealt with here : the first 
concerns the values of radiation Q r and conduction Q' in still air, both of 
which are questions dealt with by physicists. The second concerns the 
values of the convection Q c , which depends upon the velocity n, and which 
is dealt with chiefly by those concerned in anemometry : this latter factor 
is independent of the radiation, and greatly exceeds it in hot-wire anemo- 
metry work. 

Q r , the radiation per sq. cm, is independent of the pressure, and can 
be determined in a vacuum by noting the loss of heat in a hot body. 

Q', the conduction, can be determined at low pressures when there is 
little convection, and can also be determined by heating the gas from 
above, so that the convection currents are prevented. 

Q f , the convection, can be determined by noting the loss of heat of hot 
bodies placed in currents of air. 

The question of the radiation losses is dealt with in section C : the radia- 
tion loss is negligible except when great accuracy is required, or when the 
hot body is at. a temperature above 500° C. ; the radiation loss cannot be 
neglected, however, if one is dealing with hot covered wires and cables in 
still air. 


B. Conductivity of gases. 

The value of the conductivity of various gases is required : the value 
at 0° C. is usually given, and is denoted by k. We also want to know how 
this varies with pressure and temperature. 

Meyer (Kinetic Theory , p. 281) shows how 

k = (constant)^ = calories per sq. cm per 1° C. 

7 ) = coefficient of viscosity. 

Jc v = specific heat at constant volume. 

The value of the constant is not quite certain. 

Now h v and rj are independent of the pressure. 

Therefore k is „ „ „ 

and for simple gases, 

while k v is independent of the temperature, 

yet rj increases with the temperature ; 

therefore k increases with the temperature, in the same ratio 

88 Vj )) 99 99 

The values of the temperature coefficient of conductivity, and viscosity, 
and for the conductivity at 0° C,, for various gases, are given in Tabic 12 : 
for air the values of k as given by various authorities are quoted herewith. 
A reasonable value to choose for ordinary use appears to be 0*0000555, 
and for the temperature coefficient, 0*0027 per 1° C. : this would give 
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Table 10' 1. — Conductivity of Air. 


Values of (10) 5 £=oalorieM/cm 2 per 1° C., for air at 0° C. 


Eckerlein . . 4-677 

Compan . . 4-790 

Clausius . . 4-840 

Gratz . . . 4-844 

Kundt and Warburg 4-800 
Winkelmann . 5-200 

Maxwell . . 5-500 

Muller . . . 5-572 

Stefan . . . 5-000 

Schleiermacher . 5-020 

Stefan . . . 5-550 

5-580 

Stefan . . . 5-580 

Maxwell . . 5-40 

. 5-58 

Hercus, Laby . 5-22 


[ Compan, Ann. dc Chim . d Phys., 
( 26/550/1902. 


Meyer, p. 289. 

(Hanot’s Physics , p. 409. 
Thomson, Heat, p. 100. 

»j ^ j> »> 

Langmuir. 

in Proc. Iioy. JS 'or., 95/190/1919. 


C. Radiation from hot bodies. 

The absolute radiation from bodies depends upon the fourth power of 
the absolute temperature and upon the type of the surface of the body, 
and is independent of the surroundings : but the net radiation depends 
also upon the existence and temperature of other bodies in relation to the 
first body. 

Poynting and Thomson [Heat, p. 250) state that the absolute radiation 
from a full radiator is, 

5-32 x lO -12 ^ 4 , watts per sq. cm . . . (10 01) 

Langmuir (Trans. Amcr. Inst. Elec. Enyr ., 32/301/1913) states that the 
net radiation from black bodies into air is, 

Watts per sq. 5-7 [( 001 TJ*-(-001 Tj*] (10 02) 

where relative emissivity=0-02 to 0-30 for bright surfaces. 

=0-74 (-74) for oxidised copper at a red heat. 

=0-25 (-20) for cast-iron, fresh. 

=0-65 (-60) „ „ oxidised. 

=0-47 (-57) „ „ with aluminium paint. 

The figures in brackets are quoted from Proc. A.l.E.E . , 35/454/1916. 

The absolute emissivity of a body, by which is meant the calories lost 
per sq. cm per 1° 0. difference in temperature between the hot body and 
the cold surroundings, would seem to include conduction, radiation, and 
convection if that exists. 

Kennedy (Trans. A.l.E.E . , 28/363/1909) quotes the formula for radiation 
from wires as, a'(T 1 4 ~T 2 4 ), with 

or'==5-3 x 10“ 5 absolute watts per sq. cm . . (10*03) 

The value of the constant is not perfectly certain, but we shall assume 
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that the hot wires of velocity meters are equivalent to f of a full radiator, 
and that a' =5*32. The absolute radiation is then determinate from 
Table 10*2. 

Montsinger (Proc. Amer . Inst . Elec. Engr 35/452/1916), quoting Lang- 
muir (Trans. A.I.E.E., 32/309/1913), gives values of ct'(10) 12 : — 

(10)“ff # =5-32 Kurlbaum ( W icd. Ann., 65/746/1 899). 

= 6*30 Fcry. 

=5*90 Paschen and Gerlach (Ann. d. Physik , 38/30/1912). 

=5-67 Shakes pear (Proc. Roy. Soc., 86a/180/1911). 

=5*70 a suitable value for general use. 

Coblentz (Elec., 77/38/1916) is quoted as giving the value a'=5*75(10) 12 
in a paper published by the Bureau of Standards. Peezalski (Comptes 
Rendus , 162/294/1916) found that the law of radiation from tantalum wire 
was Q r =a'T 4 * 2 . 

Table 10*2- Radiation from Hot Bodies. 


c. 

T . 

(•001 T ) 4 . 

Q >. 

QV — ttQ, . 

0 

273 

•00558 

•0223 

•070 

17 

290 

■00710 

*0284 

•089 

27 

300 

•0081 0 

•0324 

*102 

40 

313 

*00060 

■0384 

•120 

80 

353 

0156 

■0624 

*196 

UO 

373 

•0195 

*0775 

•244 

120 

303 

0239 

*0956 

*301 

160 

433 

*0351 

•1416 

*445 

200 

473 

0502 

■2008 

*631 

300 

573 

•1080 

•4320 

1*310 

400 

673 

•2060 

•8240 

2*590 

500 

773 

•3580 

1*4320 

4 580 


Q r is the radiation in watts/em 2 =0-75(5*32)(*001 T) 4 . 

Q' r when multiplied by diam. in cm gives the radiation per cm length. 


D. Rate of cooling of hot bodies. 


The determination of the heat losses is usually made by noting the fall 
of temperature of hot bodies under specified condition. 

Supposing the body is a sphere of radius R, 

the heat lost by radiation is Q r 47rR 2 , 

„ „ conduction is Q c 47tR 2 , 

and the rate of fall of temperature is dT jdt. 


Then 




(1004) 


Knowing R, c, dT /(ft, Q r , one finds Q,,. 


For a sphere, then, 


dT_/dQ dQA 3 
(ft ~ \ (ft 1 / cR/? 


. (1005) 
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For a wire, f “«/?*}, E/3 * * * (1 °'° 6) 

In the above we assume that no heat leaks into the body through the 
supports ; if heat is leaking in or is being generated and dT/d£=0, then 
the heat generated equals the heat lost, which in the case of wires heated by 
electric currents = (volts per cm)(current). 

Ayrton and Kilgour (Phil. Trans., 183/371/1892) conducted experiments 
upon the emissivity of platinum wires heated by electric currents, and 
found for emissivity, 

When 0 = 100° C. c=-00103G-| -012078/cZ (mils). . (10*07) 

•0000306/rf (cm) 

0=200° C. € = -001111 f -01 4 303/d 

•0000360/d (cm) 

0=300° 0. €=-001135-1 -01 6084/d 

■00004074 jd (cm) 


In general he found that € increased as the diameter decreased when 
0 was kept constant ; and again e increased with temperature, but the rate 
of increase of e with temperature became greatly increased as the diameter 
of the wires decreased. 

The equation used for emissivity was, 


‘“Cn /"Lrfte jsr 1" 0. . (I**) 

I 

where y is the coeflicient of linear expansion for platinum. 

The radiation of heat from platinum and other metals is fully dealt 
with by Lummer and Kurlbaum in Ver. Dent. Phys. Gcsch., 17/106/1898, 
and also by Bottomley in Phil. Trans., pt. i, 184/591/1893. 

Mitchell (Trans. Roy. Soc. Edin., 40/39/1900) made tests upon the rate 
of cooling of a copper ball 2 in. in diameter, placed in a current of air, in 
order to find the effect of convection. The ball was heated in a furnace to 
about 400° C., and the temperature while cooling was read by means of a 
thermo-electric junction at the centre. Mitchell proved that the difference 
between the internal temperature and the temperature at the surface did 
not vary greatly as long as the temperature at the centre was not greater 
than 600° C. The velocity distribution of the air in the flue in which the 
ball was placed was noticed by means of smoke in the air, and the actual 
velocity of the air was measured by an anemometer made by Richard Frtoes 
of Paris. He found that the rate of cooling by convection varied as the 
temperature elevation of the ball above that of the air. 

Compan (Ann. de Chim. et Phys., 26/488/1902) gives a very full discus- 
sion upon the rate of cooling of bodies in air. The results of his own experi- 
ments upon the rate of cooling of spheres placed at the centre of a spherical 
enclosure were : 

dT 

For a 16-cm sphere, ^=0-00014723 h m **0 V2 * 2 +u” . . . (10*09) 

as long as h exceeded 16 mm mercury both the indices increased 
as the pressure was lowered. * 
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For an 8-3-cm sphere, ^=0-0002470 . . . (1010) 

where u" is the rate of cooling due to radiation, a small quantity. 

For a metal sphere 1-45 cm, ^ =0-00015842 h^W^+u" . . (1011) 

while k varied from 50-4480 mm mercury. 

He found, as usual, that the loss from convection varied as 0. 


E. Temperature gradient in hot wires. 

Retschky ( Motorwagen , 15/463/1912), in discussing the use of hot-wire 
anemometry, determines the fall of temperature from the centre to the 
circumference of the hot wire, in order to see if the temperature is fairly 
constant all over the section of the wire. 

Considering a small cylindrical element of the wire, of which the radius 
is r, length dx , in which an amount of heat dQ is developed per second ; 
all this heat must flow out of the cylinder each second, and traverse the 
surface 27 rrdx at the heat gradient of dOfor. 

Therefore, dQ/dt= —27rr k'dxdd/dr . . . . (10*13) 

Now let the ohmic resistance of the wire per cm cube be a. The total 
current i will be equally spaced all over the section of the wire, as the resist- 
ance of each section is approximately the same, so we have for the heat 
generated, 


dQ 

dt 


■<£)('* 


?*)o 

7 iW 


239. 


R is the radius of the wire : i refers to time. 

From Eq. 1013 and 10-14, ^(-2 nrk') = / 2 ^(0-239) 

d0_ 0-239 Par 

dr ~ 2u*i'R 4 • 

The difference between the temperatures at the centre and the 

, f l \ ol , 0-239 Pa 

circumference =J ad jar = • 

This can be put in the form using current density, ?'/ S, as 

T n _0-239 i (density) a 30-4 (density) t* 

P ' ' 4 irk' ’ 10* 

when we use copper, o= -0000016, and £'=1-04. 


(1014) 

(1015) 

(1016) 


. (10-17) 


F. Laws of convection. 


Langmuir’s formula for the convection of heat from flat surfaces (Proc. 
A.I.E.E., 35/455/1916) is, 

Watts/cm*=- ( ^-“?^* ) . . . (10-18) 

where B is the thickness of the film of gas adhering to the surface. 
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F(T) = -0000193(1 + -0012T)^|tL 248TM 2760 (10'18o) 

B=0-46 cm when Tj exceeds 100° C. 

=0-45-0-58 cm when T 1 -T 2 =25° 0. to 75° C. 

Lorenz (Ann. d. Phjs., 1 3/582/1881) derived a formula for the convection 
losses from vertical planes as, 

Watts/cm®=0-548[^’J 1 w*(T 1 -T 2 ) 1 -® . . (10-186) 

Hj is the height of the surface, 0 1 is the average temperature of the surface 
in deg. C. Montsinger, repeating Langmuir (32/403/1913), says that the 
function (H)~* is much too large, and that the effect of height is negligible. 
Montsinger (Proc. A.J.E.E. , 35/458/1916) found that the loss of heat from 
self-cooled transformers could be represented by 

W c =K 1 d 1 ’ 246 , W c =K 2 0 1 27 , W c = K 3 0 116 

for the three transformers which he tested ; 0=T 1 — T 2 ; the values of K 
depended upon the type of cooling surface adopted, the different types 
giving different ratios for watts lost in radiation and in convection. 

Kennedy (Trans. A.I.E.E. , 28/363/1909) discusses the question of hot- 
wire anemometry very fully. For radiation from copper wires he uses 
Stefan’s formula — which Compan (p. 574) says is the best of all radiation 
form ulse, 

Radiation, abwatts per sq. cm = a'(T 1 4 — T 2 4 ) • . (10*19) 

o-' = 5'3(10)‘” 6 for black bodies, according to Lummer ; if measured in 
watts the (10)~ 5 becomes (10)“ 12 . Then for linear free convection from 
copper wires, which was determined by subtracting the loss by radiation 
from the total heat loss, this latter being equal to the heat generated in the 
wire when the steady state had been obtained, Kennedy gives, 

Abwatts per cm = (4000 + 64000 D , )(T 1 — T 2 )p‘ Bdli • ^ 

D' is in cm, p is in megabars, 1 megabar =750*09 mm mercury. 

The value of the constant for free convection for wires is, 

5300, 5600, 8500 when D'=0*01143, 0*02616, 0*06907 cm. 

For forced convection— the velocity of the air current being u cm— 
Kennedy found that, 

Abwatts per cm =(300 + 58000 D')(T 1 —T 2 )(w+ 25)1 . (10*21) 

Using Eq. 10*21, and putting T!-T 2 =200° C., D'=0-1 cm, one gets, 

Watts/cm length =0*122(u + 25)1 . . . (10*22) 

For a wire at one particular temperature and of one particular diameter, 
say, a copper wire at temperature T, diam.=0*l cm, there will be only 
one current and voltage suitable for any particular velocity, because 

Ei=0-122(« 4- 25)*=—^^ . . - (lp‘23) 
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In the foregoing case, taking a=0-004, o-=l'GxlO" 6 , 

0 1 =2OO, i=0*10, 

0-122(w+25)*=z 2 (0-000367) . . . (10*23a) 

So that even when the velocity is nil, the current to be carried in the wire 
would be 41 amp. ; this would not fuse the wire, as on the supposition the 
temperature is only 200° 0. 

In any case, for wires used as anemometers the change in the air velocity 
or its cessation may cause the wires to be burnt out. To avoid the use of 
large currents it is desirable that the resistance of the wire should be rela- 
tively large. 

Kennelly and Sanborn (Amer. Phil. Soc ., 5.3/55/1914) tested the effect 
of forced convection upon hot wires rotated in air. In order to find out 
how the convection loss varied with the pressure of the air, the wire forming 
the meter was rotated in a closed container, and the velocity was deduced 
from the E.M.F. given by a generator fixed upon the same shaft : it was 
possible to compress or rarefy the air in the container. The authors’ con- 
clusions were : — 

1. Watts lost varied as (/??/)*, between p> \p 0 , <3p 0 . 

2. This law did not hold accurately when p<|p 0 , > 3po- 

3. The effect of moisture upon convection is not very great. No 
difference was noticeable when the air in the container was saturated with 
moisture : any difference there may have been was outside the range of 
accuracy of the instruments used. 

4. Watts lost varied as (tnu)K 

5. When the pressure was kept constant, 


(Watts) = [const. (w) + const. J^Tj— T 2 ) . . (10*24) 

6. A platinum wire can be used as an anemometer. 

The tests were made with a 0114-mm platinum wire (No. 36, B. & S.) ; 
copper being no use because the surface conditions of copper wires vary 
too much as they oxidise. Kennelly gives the resistance of the platinum 
wire as 0-0001306, and the temperature coefficient 0-002575. He deduced 
the temperature of the wire from the electrical resistance, and made the 
tests at temperatures of 410° and 558° C. For the range of velocities 
0-517 to 21-6 ft/sec the absolute watts, or ergs per second lost per 1° C. 
difference, were 52,400 to 90,750, when the pressure was atmospheric. He 
recorded pressures in megabars, where 


1 bar = 1 dyne/cm 2 , 

1 megabar=10 r> „ „ =750-09 mm mercury. 

He then found that the law of convection which the figures 52,400 and 
90,750 followed was, 


Absolute watts per cm _ 1ftQn 

(tr-W(^36T'" 0 * 


. (10*24a) 


where 30 is the constant introduced to compensate for the loss in convection 
when the air round the wire is quite still. The radiation, he says, amounts 
to only 1 per cent, of the total when there is an air current and it has been 
negle6ted. 
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For the convection in rarefied air, when the pressure was only 0-44 
and 0*66 megabars, =330 and 495 mm mercury. 


Ab watts per cm , J w , 

— ( T — X j — = (const.)(w 4 30)* 4 

This is the main equation for convection, and may be put, 


. (10*246) 


10 7 Q C = (const.)/(w)(Tj - T 2 ) 

= 1930 (it - 1 30)*^- T„) 

= A/( W )(T j -T 2 ) . “ . . . (10*24c) 

We shall call A the corwecth'ity of the wire : we want to know how it 
varies with diameters, and w T ith the qualities of the gas in which the wire 
is rotated. For various sizes of wire and pressures we also want to know 
how f(v) varies. 

It appears from Russell's and King’s equations that 


A = P*277^ ^ r ^ incm * ‘ * 0°‘ 25 ) 


Now the question arises as to the magnitude of the currents which are 
likely to be met with in wires of ordinary gauge, say about 1 mm diam. 
We can proceed thus : — 

Watts generated in the wire, 


Watts = i 2 v — — 

Watts i. q : 785 ,/2 * 


(10*26) 


Abwatts per cm imparted to the air = A(Tj — T 2 )/(if), (10*27) 

If f( u ) = («+ 30)*, u in cm/sec. 

= (30-Bud 30)*, u in ft/sec, 
then when u= 0 f.p.s., f(u) = 5*5 
= 10 „ =18-3 

= 20 „ =25-2 

= 30 „ =30-4. 

Therefore f(u) varies from 5*5 to 30*4 in ordinary cases. The resistance of 
wires which could be used will be about, 

< 7 = 1-6 microhms for copper, 

o-=10-0 „ ,, platinum, 

a=42*0 „ „ manganin, 

and assuming that the increase of resistance, viz. ad\ varies from 0 to 0*40, 

„ 7 . »*(l-6~42)( 1 -00~l-40) 

Watts generated in wire= o T 7g5d 2 10 6 ' * (10‘27a) 


Again, as A varies from about 2000 to 5000, we get an expression for the 
current i by combining Eq. 10 26, 10*27, 

, g (l-6~42)(l -00-1 -40) _ (2~5)(T, - T 2 )(5*5~30*4 ) # (1 


0*785 d 2 10« 


10 4 


Choosing values, 1-6 ; 1*4; const.=3; T x — T 2 = 100 ; f(u)= 25*2, 

i=d 515 ; i— 51-5 (diam. in mm) . . . (10*29) 

14 
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The general equation connecting % d , <x, u is, 


_ ^(0785) A(T,- T 2 ) rOi) 
10 7 [1 + aCT,— T 2 )] a ~ 


. (10 29a) 


Then, if we have a velocity u to measure, the bigger a is the smaller will 
be the current : currents also increase proportionately to d 1 * 25 as A varies 
as d * ; see Eq. 10‘337>. The higher we allow Tj — T 2 to be, the less will be 
the current i for any fixed value of the velocity u. On the other hand, 
if we wish to convey heat to the air we should make d, Tj— T 2 , and u 
all large. 

Langmuir (Proc. A.I.E.E., 32/409/1913) quotes Kennedy’s formula for 
convection as being proportional to (w-f 25)* : Langmuir says that the 
25 should be 33. If now the velocity of the air becomes about 1000 cm/sec, 
the small term 25 or 33 may be neglected, and the convection will vary 
as ut } agreeing with King’s results. Boussinesq’s equation, given by 
Russell, viz., 

Watt/cm per see. = K(T 1 — T 2 )(^w&wr/7r)* . . (10-30) 

is quoted, and values of the constant K are stated to be, 

K=7-8 for wires from 2 cm to 10 cm diam. 

5-0 „ „ „ 0-01 cm to 2 cm diam. 


For forced convection Eq. 10 30 becomes, 

Watts/cm =-000180(5 to 8)(T 1 -T 2 )(2rw)i . 
Eq. 10*30 enables us to find how A and K are related, 
Abwatts lost =A(T 1 — T 2 ) f(u) . 

Watts lost = ^(V- T 8 ) f(u) 

=K(T x -T 2 )[i2g^-]S t l . 

Now assuming «*=/(«)» 

A „r(-237)(-001293)(-000055)l l ,j 
lO 7 L (-239) 2tt (-239) J 

= (5~6)(-000218)di .... 

A=(10900~13080)<?.i .... 


. (1031) 

. (1032) 

. (10"32a) 
. (1032b) 

. (1033) 

. (1034) 

. (1035) 


Then we get the following values of A for air at atmospheric pressure when 
K=5 or 6 : 


K=5. 

K=6. 

d. 

A= 1090 

1308 

•01 cm. 

= 2440 

2950 

•05 „ 

=3440 

4130 

•10 „ 

= 4210 

5050 

•15 „ 


Russell, in the same article, deals with the mathematical equations 
ATAnwrinff the flow of heat in fluids flowing past hot bodies, these being 
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wires, or rods, or flat strips, and gives references to the previous mathe- 
matical work of Fourrier, Poisson, Oberbeck, L. Lorenz, Graetz, Wilson, 
Boussinesq. 

For deriving the equations, the following assumptions are made : — 

1. The fluid is opaque to heat rays ; or radiation is nil. 

2. The fluid has no viscosity. 

3. The fluid is incompressible. 

4. Thermal conductivity is very small. 

5. Any variation in density will not alter the trajectory of the flow, as 

compared with what it would be for isothermal flow. 

6. The surface of the hot body is isothermal, at T,. 

7. The fluid touching the hot body is also at temperature T v 

8. The fluid before it reaches the hot body is at T 2 . 

We shall only give the results which Russell obtains after he has solved the 
equations : these should only apply to convection from the hot body into 
fluids with a stream-line flow, that is, for rates of flow which are less than 
the critical velocity (see Table M). 

The total flow of heat from a circular wire per unit length per second 
then becomes, 

F=8(T 1 — T 2 )(h v nihur/7T)^= Eq. 10*30. 

The heat carried off by convection, per unit area of surface , is, 

F= 4 ( Ti r T *) A /*» , "*“ . . . (10-36) 

■ns/iT y r • ' ’ 

It is seen, therefore, that this depends upon the radius of the wire, and 
is greater per sq. cm for a small wire than for a large wire. 

The heat flow per unit length for elliptical wires becomes, 

F = 4 (T x - T 2 )[k p mku(2(a + 6)/tt)]* . . . (10*37) 

This holds independent of the direction in which the ellipsoid is turned 
relative to the current, except when the ellipsoid is very elongated, and the 
ratio of the minor axis h to the major axis a becomes very small ; it then 
only holds if the major axis is parallel to the direction of flow, and the 
minor axis is perpendicular to that direction. 

For the convection from a flat strip with the thin edge placed facing 
the flow and the surface parallel to the direction of flow, the above equation 
holds, with 6=0. 

F*4(T 1 -T 1 )[l^«fi4u(2fl)/w]» . . . (10*38) 

where 2 a is the breadth of the strip. 

The convection of heat per second per sq. cm of area is, 

F=2(T 1 -~ T 2 )[^miw/(2a7r)]* . . . (10*39) 

These equations seem to hold fairly well with the results of tests, even 
though the flow in practice must usually be turbulent, and not in accordance 
with stream-lines. For turbulent motion we should have the convection, 

F=A(T 1 -T 2 ) + Bmw(T 1 -T 2 ) . . . (10*40) 
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where A and B are constants and A is small, so that the convection would 
be proportional to the velocity. 

From Eq. 10*30 we have an approximate method of determining the rise 
of temperature of a wire when traversed by an electric current : when the 
steady state is attained, 

0-23i)^^— 8(T t — T j)[- ~ . . . (10-41) 

as 1 watt— 0-239 calories : cr is resistance-per unit vol. at T v 

This gives the value of the current, 

,:=.-7-7/i-®(Zv»ife«)' 25 (~^) 5 • . • (10-42) 

Now, using i as the fusing current of the wire, we find that for any par- 
ticular material the fusing current should vary with the diameter as r 1 * 25 ; 
this does not hold absolutely because radiation has been neglected, and is 
appreciable at the fusing temperatures : but on this matter of fusing currents 
one can refer to Electrician , 80/77/1917. Schwartz and James (Jour. I.E.E . , 
33/364/1905), in experiments upon fusing currents, gave results in fair agree- 
ment with such a law. For the rise of temperature in a wire, when the 
current, is i and the velocity of the air is ?/, and the coefficient for the rise 
of resistance with temperature is a, we have 

ff=<T„[l+a(T 1 -T 2 )], 

and then, a 0 I a } = . . . (10'43) 

Assuming that the rise of temperature Tj — T 2 is fixed, then the current 
i for bare wires should vary as r 1 * 2, \ or as (section) ,B25 . The wiring rules of 
the Inst. JDlec. Engr. give the allowable current varying as (section)' 82 . 

As the convection from wires is 8(Tj — it is best to have 
a small wire for use as an electrical velocity meter, if one wishes to expend 
the least energy. For the same convection loss the type of material used 
is immaterial, but the determination of the constancy of temperature, or 
of the temperature of the wire from the measured electrical resistance, is 
best obtained by using a metal with a fairly high temperature coefficient. 

King (Proc. Roy. Hoc 90a/ 563/1914), for hot-wire anemometry, used a 
3-mil platinum wire, heated to about 1000° C., which made the resistance 
about four times that at normal temperatures : then in still air a current 
7 q was required to keep the wire at T 2 : as soon as an air current was sent 
past the wire, more current was needed to keep the temperature at T 1# 
and it was found that, 

i 2 =i 0 2 -b (const. )(w)*. 

King found that the angle subtended between the axis of the wire and 
the direction of the air current made an appreciable difference in the amount 
of current required in the wire. Taking 

7 2 a=f 0 2 cr+( C o n st.)(w)i=watts . . . (10*44:) 

it was found that, as regards variations in T and the radius of the wire R, 
watts^T, R)+/(T, R)(u)* . . . (10*45) 
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The function of T and R associated with velocity was found to be, 

/(T, R) = A 0 [1 b *00008(1, —T^Tj — T 2 ) . . (10*46) 

Then from theory it was known that A 0 should vary inversely as the 
square root of the radius of the wire, and it was found, 

A 0 =0-001432/(R)* .... (10*47) 

This held good for platinum wires from 1 to 6 mils in diameter, when 
rotated in air at known velocities. Theory would make 

-£, = [*£* 1 =0-00166 cal. . . . (10-48) 

The value 0-00166 is given, when 0-171 cal. 

7// =0-001 293 gm, .5-66(10)-* cal. 

The other function of T, R depends upon the radiation. King chooses 
hummer and Kurlbaum's value (lYr. Dent. Phys. (ies., 17/106/1898), 

watt.s/em 2 — 0-51 4 (-00 1 T, )*’ 2 — Q r . . . (10‘49) 

The radiation from the wire per unit length “27rRQ r . Since /^(T, R) 
includes the radiation loss, the function of the convection loss which is 
independent of u, or the convection loss in still air, becomes f x ( T, R)~Q r . 
When this was evaluated, it became, 

Q c in still air^y^T, — T 2 )[l -f •00114(T 1 — T 2 )] . (10*50) 

y 0 = 0-000250(1 -|-70R). 

We can now put for the watts emitted per cm length of hot wire, 
or/ 2 = watts =27 tR(- 514)[(-(X)1T 1 ) 5 * 2 — (-001 T 2 ) r ’* 2 ] } [y | X(^](l\- T 2 ) (10*51) 
y=y 0 [l + -00114(Ti— T 2 )], which covers conduction, 

A=A 0 [1 + -OOOOSfTj— Tg)], this covers convection, 

A 0 =2(77H(Z-„fcR)‘ =2 7 r[ ^”^ j i (10-52) 

From Eq. 10*30 this gives K— -27 t, instead of from 5 to 8. For com- 
mercial work one would put 

<rt 2 =A(t/)l(T 1 -T 2 ) .... (10*53) 

King (Phil. Mag., 29/556/1915) gives a full description of a suitable 
electrical velocity meter, the electrical connections for which are given in 
fig. 10*1. The calibration of such meters should, he says, be done by 
means of whirling them in air, and, if necessary, correcting them for the 
“ swirl,” as mentioned in Phil. Trans., 21 4a/388— 428/1 914 , for the ranges of 
velocities 60-800 cm/sec. For very low velocities, say less than 10 cm/sec, 
the free convection currents will affect the general law, i 2 =r 0 2 -f K'(m) 1, and 
it would be necessary to take into account the current due to free convection, 
which, in the case of a 3-mil platinum wire at 1000° (<., amounts to 15 
cm/sec, and only falls to 8 cm/sec when the temperature falls to 200° C. 

However, an electrical meter will register down to velocities of about 
15 cm/sec with 10 per cent, accuracy. • 
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The linear relation 

+ KV« .... (10*54) 

holds good theoretically to within 2£ per cent, for velocities down to a value 
given by ud=* 0*0187, where u and d are in cm. 




Fig. 10*1. — Hot-wire anemometer,, 


For calibration of low velocities he suggests moving the meter hori- 
zontally or vertically backwards and forwards in a straight-line motion, 
using, perhaps, Trowbridge and Truesdell’s Table, which is described in 
Phjs. Rev 4/290/1914. 

He then discusses what sort of differences in velocity can be detected 
on the meter, working from the equation for the constants of the 2|-mil wire, 

v=(i*— 564) 2 276*4 = (t 2 — i 0 2 ) 2 / ( K' ) 2 . . (10*55) 

du = 4(t* — t 0 2 )t di/(K') 2 

andthorefore, 

which shows what difference in velocities can be measured. In the 
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tests King made he could detect a difference of 0*002 ampere in his in- 
strument, and thus detected differences of 1, 5J, 15 cm/sec at velocities 752, 
785, 3260 cm/sec. 

In an exploration of the distribution of velocity over spaces outside 
an orifice, or a slit, he placed the wire at points distant 0*05 mm from each 
other in series, and could easily read the velocities from point to point, 
though they varied considerably one from another. 

In order to get accurate readings the position of the wire and the posi- 
tion of the potential terminals on the wire, and the way of leading the 
potential wires to the anemometer wire should all have the same relative 
position to the air currents in the tests as they had when the wire was 
being calibrated. 

King discusses the variations due to alteration in pressure and to varia- 
tions in temperature of the atmosphere, but the corrections are so minute 
that they would not be needed in commercial work. 

King (Jour. Frank. Inst., 181/1/1916) describes further tests of his 
meter and gives photographs and drawings of the actual hot wire used. 
In his mathematical discussion is given Boussinesq’s Eq. 10‘30 for heat loss, 
and also his own equation, 

fir 

Cal. per cm — iirk^nurn e M K 0 (u)du . . (10*56) 

where K 0 (w) is a solution of Bessel’s equation. King states, 

Cal/cm for high velocities = k0-\-20(h P kmru)l . . (10*57) 

„ „ low ,, = 277 k0 /[\ og ( ke' 42s )/ ( mk v ur ]TJ . (10*58) 

The report is largely a reproduction of the one in Phil. May. 

King (Jour. Franklin Inst., 18/191/1916) describes how his hot-wire 
anemometer can be associated with an integrating watt-meter in order to 
read the quantity of gas flowing in a pipe. When the quantity is such that 
the velocity in the throat of the Venturi cone exceeds 90 ft/sec (28 m/sec) 
the hot-wire meter becomes rather insensible to changes of velocity : in 
such cases he arranges the hot-wire meter in a shunt channel in parallel 
with the Venturi cones : the difference of pressure created by the cones 
produces a flow through the shunt : the meter in the shunt can then be 
calibrated to measure the whole flow ; this must be done with some standard 
form of meter, as there is no theory to show how much would circulate in 
the shunt and how much in the main channel. 

In Jour. Franklin Inst., 183/783/1917, is described a method of com- 
pensating the bridge arms of such an anemometer to allow for variations 
in the temperature of the fluid. The four arms of the Wheatstone bridge 
are made of tungsten or nickel, and are all placed in the air current : in 
the one mentioned nickel wires 0* J 55 mm diameter were used ; this required 
a current of 0*74 amp. to maintain balance in still air, and of 2*18 amp. to 
maintain balance when the air velocity was 17*5 m/sec. 

G. Results of and notes of tests. 

Gerdien ( Verh . Deut. Phys. Ges ., 15/961/1913) describes a hot-wire 
anemometer as made by Siemens and Ilalske : in this the principles utoder- 
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lying the velocity and quantity meters are combined. Two wires are 
used, and both are heated by electric currents : they are placed after one 
another in the pipe line, and the difference of temperature is noted : by 
suitable calibration the quantity of air flowing can be determined. 

Morris ( Electrician , 69/1056/i 91 2) describes tests made upon the measure- 
ment of air velocity by means of a hot-wire anemometer at the East 
London College, in a duct 1 sq. ft. in area, the flow being measured by a 
Pitot tube, and by the pressure of air upon the round surface of a brass 
tube \ in. in diameter. Another report is given in Engi veering, 94/892/1913, 
where the advantages of the electrical velocity meter are fully portrayed. 
He had used as hot wires, tinned iron, tinned copper, nickel, platinum, 
tantalum ; but of these platinum was the metal finally decided upon, because 
it does not oxidise readily and lias a high melting-point. To make the 
other arms of the Wheatstone bridge he used 6-in. lengths of manganin 
wire. A current of from 2 5 amp. at about 4 volts provided all the energy 
removed by convection. Some of his test figures are : — 


Res. 
at 0 # . 

Diam , 
nnu. 

Diam. , 
inches. 

Length, 

inches. 

Materia and size 
of wire. 

t,-t 3 

0°. 

Current t 0 
when u — 0. 

•394 

1219 

•0018 

2-00 

Platinum, 40 8.AV.G. 

43 

0 84 

•540 

} J 

1 1 

2*75 

»> M 

71 

1*23 

•492 

9 9 

M 

2*50 

)) M 

100 

1*55 

*540 

•1930 

•0076 

6-90 

,, 36S.WG. 


1-80 


He gives particulars as to the qualities of various metals ; suitable 
values for general use are : — 


Metal. 

Resistance 
per cm cube., 
microhms. 

Melting point, 
Cent. 

Resistance 
coefficient 
per 1° C. 

Iron . 

9’70 

1300-1400 

•00620 

Copper 

Nickel 

1*60 

1100 

0U400 

ilsKTlw:.' 

1450 

*00270 

Platinum . 

10*00 

1800 

•00370 


Table 10*3 gives fuller particulars concerning wires. 

Morris found that, 

(m.p.h.-j-l*8) = const, (watts) 2 . . . (10*59) 

which gives u in ft. (w + 2-63) = „ „ (10*60) 

„ „ u in cm (u -}- 45) = „ „ 

in which case the constant differs materially from that found by Kennelly. 
Morris found that the speed of the fan delivering the air varied directly 
as the speed of air in the duct, which confirms Hackett's work and theory 
that anemometers can be well calibrated by running a fan at various 












Table 10 * 3 . — Specific Resistance of Wires. 

Microhms per cm cube at 0° C. 

Temperature coefficient per 1* C. multiplied by 1000 = 1000 a. 
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Suitable 
values to 
choose. 

ii 

H w 

a 

•0040 

•0040 

*0010 

0062 

*0030 

•oooo 

•0000 

Resist- 

ance 

<r 

2 90 

160 

1*60 

9 70 

12 4 

100 

33 0 

42 0 

Melts 
at C\ 

1070 

1300 

1450 

1730 

*G 

h 

O 

a 

4-28 

6*20 

270 

3 80 

a 

1-600 

9 690 

12-40 

9 04 

Everett, 
C.G.S. System 
of Units, 

‘p. 176. 

H O «© rH 1- 

OO uO 1— i I-H (N 

b ao ift p <o co oj i i 

<N rH Ah os Cl ao ^ i. s 

o o 

au 

® w : : : : cn co : 

Hiitte, vol ii. 
p. 819. 

a' 

3 90 

370 

4-50 

37 

24 

3-5 

01 

' oo <o — ■ ' ‘ 

OC'J IO O ipp O) oo . o 

b (N r-i r— ( Oi r-H CO rH lO : Cl 

r-H rH rH rH 

S la 

625 

1100 

1630 

1500 

1900 

• ••• 

Standard 
Handbook, 
p. 131. 

» 

a 

3-88 

... 

«o a co »<o 

O 00 rH os CO CO 

b p p p p p 

Cl Ah Ah 04 bi 

Glover, 
Fade Mecum , 

p. 359. 

<r 

2 665 

1*561 

9 065 

1232 

10 92 

><o OO lO Cl OJ 

p Cl ; Cl Cl p ; : 

h* >if« • «o to 00 

Geipel, p. 56, 
also Ayrton. 

.. O oo .1-1- 

a Oi OO 00 ; 

CO CO h* Cl 

<r 

2 900 

1*584 

1621 

9*700 

12 36 

8-982 

325 

42*0 

Metal. 

Aluminium 

Copper, annealed 

pi hard-drawn 

Iron .... 

Nickel 

Platinum 

Platinoid . 

Manganin . 


Ayrton and Kilgour . . for platinum, <r = 10 50 a = 3*60. 

» quoted by Sewell „ = 9*04 = 3*80. 

Mechanical Engineers Handbook „ = 10 40 = 370. 
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Professor MacGregor-Morris kindly gave the author the privilege of 
seeing the anemometer which he uses at the East London College. About 
2 amp. is used for heating the wires of the bridge, which consist of four 
nickel, tungsten, or platinum wires 0-15 mm in diameter, which are at about 
100° C. when in still air. Two of the wires are in thin copper tubes, so that 
the air current affects them to a slight extent ; the other two wires of the 
bridge are in the current. Calibration is performed with a Pitot tube 
for high velocities, the static mouthpiece being in the wall of the wind 
tunnel, the air-pressure difference being read on a Hicks manometer, 
the vessels of which are connected by a small-bore horizontal tube : the 
liquid is xylol, and an air bubble is introduced in the small tube. For 
a description of such a manometer, see Roberts (Proc. Roy. Soc ., 78a/410/ 
1906). A commercial anemometer of this form is being produced by 
the Cambridge Scientific Instrument Company. 

Morris ( Engineering , 96/178/1913) used the same type of meter to in- 
vestigate the distribution of velocity of air currents round a circular rod 
placed in an air current. The rod, 21 mm (0-825 in.) in diameter, was 
provided with fittings holding two small platinum wires which acted as 
the meters, these wires being parallel to the axis of the rod : the distance 
of the wires from the rod could be altered, and the rod could be rotated 
about its axis so that the wires could be placed anywhere in the space 
round the rod : the charts of the velocity are given in the original paper, 
and show the very small velocity which exists where the rod faces the 
flow, and the high velocity which exists where the flow is tangential to 
the rod. 

Hughes (Phil. Mag., 31/118/1916) made experiments upon the convec- 
tion losses from bodies of relatively large diameter as compared to the 
wires used by other observers. Hughes made use of hollow copper tubes 
about 1 metre long, with diameters varying from 0-43 to 15*5 cm; the 
tubes were heated by steam at atmospheric pressure, and the loss of heat 
was determined by the quantity of steam condensed. The air velocity 
was measured by means of a Pitot tube, and varied from 10 to 45 ft/sec. 

For the radiation losses from tarnished copper, Hughes took the equation, 

Q r =-63x lO- 12 ^ 4 — T 2 4 ), calories per sq. cm . (10*61) 

Using a ~ 5-32, this gives relative emissivity -495. Hughes found that 
the heat loss was related to the velocity according to law, Q=K u n , 
where n had different values depending upon the diameter, and that as 
regards diameter the loss for the same velocity varied as d' hl . He states 
that Reynolds, Nicholson, and Williams, for large bodies, have stated that 
the heat loss by convection varies as the velocity, but Hughes does not 
quote the references. Tests were also made upon a tube of stream-line 
section, placed (a) with the taper end, (b) with the butt end, facing the air 
current. In these tests he found for (a) n=0-67, and for (6) n— 0-62, and 
also found that the convection from such a tube was much greater than 
that from circular tubes of the same area per cm length when projected 
on a plane perpendicular to the air current, or the diameter of the circular 
tube = smallest diameter of stream-line section : the constant K6 when the 
butt end faces the current is about 1£ times Ka for the tube in the other 
position. 
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Hughes’ results are somewhat different to those of Russell and King, 
with which they shall now be compared. 

Hughes gives, Watts = K1 u n , with d constant . . . (10’62) 

= K'd* 57 , „ n (10*63) 

but the index n is given as varying with the diameter, so that we get, 

Watts = Kl u*f(u, d). 

Russell, Eq. 10*30, 

Watts per ■ec.-K^**] , (Ti--T 1 )rf»/(«). 

We shall bring Hughes’ formula to the same form : he gives, 

Ql = watts per cm per 600 sec. for T^-100, T 2 =16*3, 

from which we deduce watts per sec. per 1° = Q2, and so continue, until we 
get a similar expression to Russell’s. In making the comparison, I have 
chosen the figures for m= 1000 from Hughes’ table, and have drawn up 
Table 10*4, in which : 

Column 1 and 2 are diameters and the index n from Hughes. 

„ 3, Q r gives the radiation loss. 

„ 4, Q1 are the watts lost in 600 sec., u — 1000. 

„ 5, u n is m* 50 , as per Hughes. 

„ 6, Q2 watts per sec. per 1°, found frpm Ql/(600)(100~ 16-3), 

„ 7, K3 is found from Q2 /(d)K 

„ 8, K4 is found from K3/(31-6), where 31-6 = (1000)*. 

„ 9, K5 is found from K4/(-000218) ; this latter figure is the 

constant in Russell’s Eq. 10'33a. 

„ 10 is the value of (d) 07 . 

„ 11, K6 is found from K5/(d)* 07 . 

Then we see that Hughes’ Q2 = K4dM (10*64) 

and should equal =(5~6)(-00218)</M . . . (10*65) 

The values of K5 in column 9 show how Hughes’ constants compare 
with Russell’s ; and a further comparison is made by assuming that Hughes’ 
function of d* r,? is the correct one, instead of d*, and then the value of the 
constant becomes as in column 11. 

Hughes’ results for the watts lost from the wire through the convection 
currents, when the velocity is 1000 cm/sec, then become, 

Watts per sec. = K6 d ' OT [* ] (T i - T 2 ) . (10 66) 

K6 varying from 5*05 to 4*88 for diameters from about \ to 5 cm. There 
is certainly room for many more tests, so as to find out how the constant 
K varies round about 5, or 6, or 2 rr. 

For other velocities the value of K may be different : from Hughes’ 
general equations one would expect them to vary as 

K6 (u) n ~‘ 5 : in the case where n=0*70. 

This would make an appreciable difference to K. 
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Table 10*4. — Convection from Copper Tubes (Hughes). 


1 

d. 

n. 

3 

Qr. 

4 

Ql. 

5 

u w . 

6 

Qi 

7 

K3. 

8 

K4. 

9 

K5. 

10 

d. 

11 

K6. 

0*43 

•50 

6*3 

1050 

31*6 

*0210 

*0321 

•00102 

4*76 

0*945 

5-05 

0*81 

•60 

11-9 

1440 

63-1 

•0288 

•0321 

00102 

4*76 

0-985 

4*80 

1*93 

•65 

28-3 

2390 

89*1 

•0478 

•0345 

*00109 

5*00 

1-045 

4 78 

5 06 

•70 

73 8 

4200 

126*0 

•0840 

•0374 

•00118 

5*46 

1*120 

4*88 


L. W. Hartmann ( Phys . Rev., 7/431/1916) describes tests upon the 
quantity of heat emitted from incandescent spongy platinum wires 0-2 to 
0-7 mm in diameter at temperatures 900 to 1700 degrees absolute. In 
order to determine temperatures the hot wire was placed in front of an 
electric furnace containing at the centre magnesium oxide. The tempera- 
ture of the furnace was measured by a thermo-electric couple and by a 
Wanner pyrometer. The platinum wire was heated until its incandescence 
was equal to that of the furnace, the fact of equality being determined by 
the hot wire becoming invisible when looking towards the incandescent 
magnesium oxide : when the temperatures differed the wire at once became 
visible. The energy imparted to the wire was noted in the ordinary way 
from voltage and current readings. 

Readings of the watts lost per cm were plotted against the absolute 
temperature : an amount for radiation, using Coblentz's value of the radia- 
tion constant — viz. 5-61 x (10) -12 , — was then calculated and deducted, 
leaving the » remainder of the loss for conduction and convection. The 
energy loss per cm for the range 900 to 1700 degrees absolute was found to 
be nearly proportional to the temperature, viz., 

Qc=£iT (10*67) 

The values of h x are shown below. One may write approximately, 

Q c = -0010 T (10*68) 

for the heat loss of spongy platinum wires in still air, the wire being at 900° 
to 1700° abs., and from 0-07 to 0-03 cm in diatn. 

Hartmann also quotes Lorenz’s law ( W ied. Annal., 13/582/1881) for 
the energy absorbed by a wire when heated in air, viz., 

Watts - A(V — T 0 4 ) + B(T 1 — T 0 ) 5 / 4 . . (10*69) 

and finds the values of A and B from his test figures : the values of the constant 
A then approximate those calculated from Gird for radiation, as shown here. 


Table 10*5. — Heat Losses from Wires (Hartmann). 


d (cm). 

ab*atts 
cm. T ’ 

<rwd = 5'61icd. 

Ax(10)- 12 . 

l}x(10)- 4 . 

•0690 

10,920 

1-22 

1120 

3-035 

0420 

10,830 

074 

0-682 

2*820 

0275 

9,760 

0 485 

0 447 

2 500 

0194 

8,540 

0’342 

0315 

2*100 
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The value of is nearly 100, as mentioned above in Eq. 10*67. It should 
also be similar to A (see Eq. 10*33), but is much greater than A : presumably 
this is because with such high temperatures the free convection current 
will be large, and so the term u, for velocity, in Eq. 10’24c must be introduced. 
One must also remember that A is associated with T— T 0 , whereas k x is 
associated with T only. 

Northrup (Metal, and Chew. Eng., 15/250/1916) describes tests made 
on nickel wires to determine their elasticity and the amount of heat emitted 
when at the melting-point. To the centre of the wire was attached a spring 
which broke the wire at the fusing temperature, and which measured the 
tension and elongation in the wire at the moment of breaking. The heat 
radiated at melting-point, 1725° abs. 0., was found to be : — 


D. 

Watts/cm 8 

Watts/cm length. 

Watts/ D*. 

*0246 

67T) 

521 

33 2 

0510 

5fi*5 

9-08 

40-3 

0775 

52*4 

12 70 

46-7 

•1990 

32*5 

20 30 

45*5 


The expansion in length was found to be 3*28 per cent. : regarding 
the heat loss no mention is made of how much, if any, would be imparted 
to the spring, but this might affect the results. Kadi a ti on must be sub- 
tracted from the above figures if the convection loss is required. 

Worthington and Malone (Jour. Franklin Inst., 183/115/1917) state 
that the convection of heat from a 0 a 256-inin platinum wire in water follows 
the same laws as convection in air, and is represented by 

Watts per cm==0*031(T 1 — T 2 )(w+ 1*15)1, where T x is wire temperature. 

„ T 2 is water „ 

„ u is velocity of the wire 
in water in cm/sec. 

Knudsen (Ann. der Phys., 35/389/1911) has shown that a hot-wire mano- 
meter can measure pressures of 0-1 min of mercury because iR 2 = (constant) 
X (pressure). The actual instrument, described in A. der P., 83/385/1927, 
consists of a platinum wire -2 mm in diameter, 2 cm long, fastened to a 
Wollaston wire 4 cm long and *002 to -003 mm in diameter. 

Thomas (Jour. Soc. Client. Ind., 37/165T/1918), for measuring the gas 
and air used in inverted burners, employed a hot-wire anemometer with 
heating current of -8 amp. ; he points out how a small variation in the 
gas supply affects the galvanometer reading much more than a similar 
variation in the air supply, because the heat conductivity of hydrogen is 
•0031, while the conductivity of air is -0005. 

Morris (Elec., 85/227/1920) describes a hot-wire anemometer consisting 
of four wires forming a Wheatstone bridge ; two are enclosed in tubes 
and are therefore not subject to the cooling effect of the air current, and 
two are exposed to the air current. The instrument is made in a com- 
mercial form by the Cambridge & Paul Instrument Company. Morris 
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points out its advantages for use in coal mines, the whole instrument, galvano- 
meter and battery being self-contained. 

Thomas (Phil. Mag., 41/240/1921) describes a specially sensitive anemo- 
meter in which eleven wires are strung across a tube and arranged so that 
the resistances of each can be measured. By using some of the wires as 
heaters and by using others as indicating wires, a very sensitive arrange- 
ment is obtained. Thomas explains the reason for this, which is as follows : 
The air current cools the first wire and carries the heat generated by the 
heating wires on to other wires, and therefore the difference in temperature 
between the first wire and, say, the fifth, becomes considerable, and the 
variation of resistance is much greater than if one wire only is used. Using 
various numbers of wire, Thomas found the sensitivity increased as the 
number was increased up to five. The arrangement was more sensitive 
than Morris’ arrangement. See also Phil. Mag., 43/688/1922. 

Thomas (Phys. Soc. Proc., 32/196/1920; Pliil. Mag., 39/505/1920) 
tested a hot-wire anemometer consisting of two 4-mil diameter platinum 
wires, placed horizontally one after the other in a 2*0534-cm tube, in order 
to measure the direction of flow by noting the out-of-balance effect on a 
Wheatstone bridge. The velocity of flow was very small, viz. 0-44 cm/sec, 
giving quantities of air at 0 and 760 mm up to 0*005 ft 3 /sec or 0*18 gm/sec. 
The interesting result was that the two wires placed side by side were 
more sensitive for measuring velocities up to 4 cm/sec than the Morris 
type of anemometer in which one wire was shielded from the air current 
by a tube. 

Thomas (Phys. Soc. Proc., 33/149/1921) shows the difference in velocities 
registered by a Morris meter if the bare wire is before the shielded wire in one 
case and after it in another case. Whether the flow is upwards or down- 
wards makes a marked difference to the readings if the velocity is below 
20 cm/sec, but makes no difference for velocities above this figure. 

Humphrey (Phys. Soc. Proc., 33/190/1921) tested the effect of the in- 
clination of two heated wires in various gases. Two platinum wires 4 cm 
long, 0*025 mm diameter, placed 2*5 mm apart in a horizontal plane, could 
be rotated until one wire was vertically above the other, the wires still 
running horizontally but the plane in which they lay being vertical. They 
were placed in a hole of 6 mm diameter, and were heated. The out-of- 
balance current between the wires as part of a Wheatstone bridge was 
noted as the wires were rotated, and it was found that in a hydrogen atmo- 
sphere the effect of inclination was practically unnoticeable, but it was 
very noticeable if the atmosphere was C0 2 . The first tests gave the effect 
of inclination, using various heating currents. Another illustration in the 
original article shows the out-of-balance effect when the inclination was 
90°, for various heating currents ; typical figures for out-of-balance are : 
•02, 2 and 9 with a heating current of *1 amp., and *04, 7 and 34 with a 
heating current of *15 amp. for, respectively, hydrogen, air, and C0 2 . 

King (Engng., 117/136, 249/1924) suggests that the Callendar hot-wire 
anemometer is more accurate than orifice meters ; this statement is refuted by 
Hodgson on p. 314 of the same volume. Tyler (Jour. Sci. Inst., 3/398/1926) 
used a platinum wire (1 mil diameter and 1 in. long) anemometer to measure 
vortices behind aeroplane w r ings. 

Simmons (Phil. Mag., 3/81/1927) describes a directional hot-wire meter 
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Equation. 

Symbol. 

Moaning. 

10*40 

A 

=a constant. 

10*37 

a 

= major axis of ellipse. 

10*37 

b 

= mi nor „ „ 

1040 

B 

=a constant. 

1004 

c 

= specific heat of metal, of hot body. 

10*08 

d 

= diameter of wire in cm, or as mentioned. 

10*08 

E 

= voltage at ends of length L of wire. 

10*09 

h 

= pressure in mm of mercury. 

10*08 

i 

= current in amperes. 

10*44 

*0 

= „ to heat wire to T when u— 0. 

10*30 

k 

—specific conductivity. 

. . 

fo> 

= „ heat at constant volume. 

1030 

h 

= » „ » pressure. 

10 13 

h' 

— „ conductivity of the metal body. 

10*30 

K 

—a constant. 

10*54 

K' 

== »* 


L 

—length of wire. 

10*30 

m 

—density of the gas. 

10*20 

V 

—pressure in megabars (750 mm mercury). 

10*04 

Q c 

= watts lost by convection and conduction. 

10*04 

Qr 

= „ „ by radiation, per sq. cm. 

10*04 

R 

— radius of wire in cm. 

10*13 

r 

—any radius. 

10*26 

8 

—resistance of particular wire per length L cm. 

10*17 

s 

— section of wire. 

10*01 

Tx 

= absolute temperature of the wire or hot body. 

10*01 

T 2 

= jf „ of the gas or cold body. 

10*04 

t 

—time in seconds. 

10*22 

u 

= velocity of gas. 

10*09 

u" 

— rate of cooling due to radiation. 

10*13 

dx 

= small length of wire. 

10*23 

a 

—temperature coefficient of electrical resistance. 

10*04 

P 

— density of the wire or hot body. 

10*08 

y 

—coefficient of expansion of platinum. 

10*50 

7o 

==a constant. 

10*07 

e 

=emissivity= calories per sq. cm per 1° C. 

. . 

n 

= coefficient of viscosity. 

10*23 

Oit 62 

= temperatures in degrees Centigrade. 

10*26 

6' 

—temperature elevation of hot body above cold body. 

10*24c 

k 

=convectivity. 

10*14 

a 

= specific resistance of the metal. 

10*03 

a' 

= Stefan’s radiation constant. 
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having platinum wires 0*00105 in. in diameter and 3*07 in. long. He first 
obtained curves showing temperature of wire against heating current for 
the wire first placed parallel to the wind and then at right angles to it, 
with u— 0, 21*8, 40, and 60 ft/sec. He then plotted the resistance of the 
wire against direction ; the resistance had a sharp maximum when the 
wire was parallel to the wind — that is, when the cooling was a minimum. 
Let C=calories per ft. per degree C. difference between the wire and the 
air. Simmons found : 

With wire normal to air current, C(10) 5 =6*68w 0,5 +9*60, 

„ „ parallel „ „ C(10) 5 =0-1673u+10+0-0075T, 

where T is the temperature of the wire in C°. Using two similar wires in 
opposite arms of a Wheatstone bridge and inclined at 10° to each other, 
a more sensitive arrangement is obtained, so that the direction to an 
accuracy of 0*05° is obtainable. The two wires are soldered to three man- 
ganin supports, and the wind direction is determined when the resistance is 
zero ; then the wires are put in series and the velocity obtained from the 
calibration curve. By making an instrument with four wires mutually 
inclined at 10° to each other the velocity direction in two planes can be 
measured. Curves are given in Simmons' paper showing how closely the 
hot-wire meter readings agreed with those obtained by means of a Pitot 
tube for showing vortices behind an aerofoil. 



CHAPTER XI. 


FLOW FROM ORIFICES. 


Fundamental thermodynamic equations — Zeuner’s equations — Equation for maximum 
delivery — Tablo for functions of n , index of polytropic expansion — Zeuner’s 
theory as to the throat pressure — Formulae for delivery from orifices — Flow when 
the external pressure exceeds the critical pressure — Orifice profiles — Coefficients 
of velocity and delivery — Throat pressure — Effect of friction — Equations for 
throttling, and the work lost theroin — Pressure lost in cocks. 

This chapter deals partially with the subject of flow from orifices. Those 
who wish to study the subject fully will find it dealt with in all books on 
thermodynamics : Goodenough ( Thermodynamics , p. 267) and Henderson 
(Proc. Inst. Mech. Engr ., — /253/1913) give a list of papers in scientific journals 
dealing with the subj< ct. 


A. Fundamental thermodynamic equations. 


The following assumptions are made in deriving the theoretical 
equations : — 

1. The particles of the fluid follow stream-lines, which are treated as 
being normal to the sections across the nozzle : there is no flow across the 
orifice from one side to the other in the direction ab ; see fig. 11*1. 

2. The fluid completely fills the pipe, so that the equation of continuity 
holds, i.e. Sw — Mv. 


3. The motion is steady, so that the element of time does not enter 

the equations : the various factors, 
pressure, velocity, temperature, 
depend only upon the position of 
the point to which they refer, and 
are constant for that point. 

In order to determine the flow, 
we use two different fundamental 
thermo-dynamic equations. 

The first refers to the whole 
Fig. 11 1.— 1 Theory of orifice flow. of the fluid flowing between the 

sections S 2 and S 2 , and is based 
upon the principle of conservation of energy for this fluid. 

Now, considering the factors relating to unit mass of fluid, 1 lb. or 1 kg, 
and using the symbols : — 



Sj and S 2 for the areas of the sections. 

Pi >, P 2 for the pressures at these sections, assumed constant over 
‘ the whole section. 
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Wj and u 2 for the velocities at S x and S 2 . 

U x „ U 2 represent the internal energy at S x and S 2 . 

z 1 „ z 2 are the heights of the sections above the datum level. 

M mass of fluid flowing per second. 

q is the heat introduced from outside between S x and S 2 . 

Z is the work done in overcoming friction. 

J=l/A the divisor to bring ft. -lb. to heat units =778. 


Then we have, 


the energy at S x = o 1 - + 2 i-fU 1 

Zg 


»> 


3 2 =gr+*+U 2 . 


External work done on system at S 1 = P 1 t? 1 . 

„ „ by the system at S 2 =P 2 v 2 . 

Internal work done by the system in friction = Z ft. -lb. 

Heat added to the system = (q + Z)J. 

Then the energy at S 2 must be the energy at S x together with the heat 
added, less the work done, giving, 

^ + u r h + J? + JZ = * 2 + u 2 + p 2 „ 2 + z J . (11-01) 

The terms z x and z 2 are neglected, as the difference in level between the 
two sides of an orifice is negligible, so, 

— - Jj + ( u i + Pi® 1 ) - (U * + p*M . • (n-02) 

Differentiating this, and dropping the suffix 2, and taking the conditions 
at S x as constant, we get a differential, 

udu/g = Jdq-d(¥v)-d\J . . . (11*03) 

Now we can also consider what is happening to a small element of the 
fluid while travelling along the orifice ; it will be receiving heat, expanding 
and doing external work of expansion, so that for the element we have, 

Heat absorbed by element, Jd^ + dZ=dU-l-Pdv . (11*04) 

This is the equation as given by Goodenough ( Thermodynamics , p. 246). 
dZ is the head due to friction; see also Eq. 11*13. Combining this with 
Eq. 11*03, we get, using H=u 2 /(2g), 

dH=^p=Pato-dZ-PA>-edP . . (11-05) 

which on integration gives, 

f F v dP_Z . . . (11-06) 

2 < 1 J r, 

dP is a negative quantity for the flow from pure orifices ; and the final 

15 
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velocity u is smaller when there is friction than when there is no friction 
by the amount due to 2#Z. 

The expression U + Pv= internal energy -{-work done 

=heat content =JI .... (11*07) 

Then, if there is no heat gained from the outside, #=0, and from Eq. 11*02, 

Jd.-I) .... (1108) 

This equation holds whether the flow is frieiiori'ess or not . The theoretical 
velocities of flow of fluids can be determined from this equation when 
the heat contents of the fluid in the two states are known : for simple 

t y^ v 

gases, 

B. Zeuner’s equations. 

The main thermodynamic equations according to Zeuner are, 

Jd< 7 =d(Pv) + dU + dII — dz, 1st equation . . (11*09) 

Jdq=— dZ f dU + Pdc, 2nd main equation . . (11*10) 

&R=udu/g—dz — dZ — ?>dP, as per Eq. 11*03. 

These equations are independent of values of q, Z, z, etc. 

For gases, dU=^~^ . . , (11*11) 

From first equation, dH = Jdq — d(Pv)y/(y— 1) . . (11*12) 

From second „ J dq + dZ = — ^ .... (11*13) 

For efflux from orifices, if dz, difference in height between inlet and 
outlet =0, and dq = 0 ; if no heat is added from, or lost to, the outside ; then 


dH= 

y i 

. (11-14) 

dZ=^-j(t>dP+yPdt>) .... 

, (1116) 

H=-^|(P 1 «i-P*t),)=^- if « x =0 

. (11-16) 

u y j2gy( p i v i-' p i v i ) 

. (1117) 

b=s^ 2 "< p -- p ^ . . . 

. (1P18) 
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Table 11*1.— Air Flow: Functions of n. 


Equa- 

tion. 

Quan- 

tity. 

Function of n. 

Values of the n function. 

B 

... 

n 

1 00 

1*1 

1*2 

1*8 

1*4 

1-408 

B 

- 

2/(« + l) 

100 



*870 

*934 

•880 

I 

... 

n/(n- 1) 

00 



4'34 


3*45 

11*21 

ryPi 

2/(» + l)«/(»-D 

1*00 

•588 

560 

•544 

•527 

•524 

11*24 

M 

r 2(jy (n - ini T 2 

U-1(76 + 1)J L(» + 1)J 

0 

2 00 

2*78 

334 

3 83 

... 

11*25 

16 

p.97 («-in* 

L7-1 (w + i)_l 

0 

325 

4 50 

535 

608 

613 

11*28 

Ps/Pi 

[2/(7 + l)]" / " , - 1 > 

... 

*1286 

*3266 

*4457 

*5266 

*5240 

11*28 

vjv l 

L(74 l)/2]'/(»-i) 

... 

6 455 

2 547 

1*862 

1 576 

... 

11*29 

M 

[urtiOT 

... 

*119 


411 

•480 

... 

11*29 

M 

2 y (ditto), English units. 

... 

*953 

2 410 


3 840 

... 

6*08 

t 0 

r(w+in»/* n 

L n J n + 2 

•942 

-936 

930 

•925 

•922 

... 

6*07 

to 

r(w + l)*l^ n (7-n) 

L n J (n + 2) (7-1)71 

942 

641 

396 

189 

... 

... 

11*46 

Cv 

when =1*4 


■564 

•765 


1000 


and 








11*48 

Cv 

when =1*408 

... 


759 

•893 

•993 

1000 


Now if Pi v{f=P 2 v 2 y , then 

• • "»»» 

and if P 1 Vi n =P 2 V2 n > then 

• -i“*» 

For the maximum delivery, the pressure in the throat must be such that 

K4ir ,, -“'- ■ • •<-*> 
s-(^r“ • • • • on, 

S-iTt (‘'“I 
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and 

and 



. (1124) 
. (11-25) 


This becomes equal to the velocity of sound in air at P 2 , v 2 when w=y. 

For any value of the outside pressure P 2 which is less than the critical 
pressure, at which the flow is a maximum, the flow will be the same as the 
maximum, M'. The critical pressure bears a certain relationship to the 
initial pressure P 2 : we call the ratio of (critical/initial) pressure ==P 2 /Pi — w • 
The value of this ratio should not be put as 0*528, as is usually done, 
without some further discussion, for which see division H. 


C. Zeuner’s theory for Pa/Pi- 

Zeuner finds an entirely different value for P 2 /Px, by making use of 
the hypothesis that the velocity of the air in he throat, even when the 
expansion is Pv n = constant, is equal to the velocity of sound. Zeuner 
states this hypothesis thus : “ That the air flows into vacuum with the 
acoustic velocity, u = \/(g¥ 2 v 2 y), corresponding to the state of air in 
the orifice, no matter what resistances exist during the flow toward the 
orifice. ,, 

On this assumption, that the velocity of efflux is equal to that of sound, 
'we have, 

«*=C7yP^)»={|?i(Pi«i-^)y • • ( n ‘ 26 ) 

(y — i)P*®» = 2(Pj®i — Pj®s) • 


Therefore 


P v - 2 ? 1 ” 1 
lA “y+l* 


P 2 / 2 >1 

Pi Vy+l/Uj 


(1127) 


and also, Pp , i B — > 

therefore the ratio of the pressure P 2 in the throat to P t is, 


«2_/y+l\ 

P 1 ’ _ \y+1/ ’ vt V 2 / 




Velocity = 
I"=S 8 


M" 


r 2gyPi«n t 

L y+l I 
2 1«»- 
.y+l.J 


1> |~ 2,<;yP 1 H>i j* 


=Sjs/(n, y) (Pj, >»!)*. 


. (11*28) 
. (11-29) 


Consider Eq. 11‘20, giving the quantity delivered. 



The variables in this equation are P, and n ; n may vary with the 
values of Pi and P 2> but for the purpose of determining the maximum 
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quantity which can be delivered we shall assume that the value of n is 
independent of the value of P 2 , the pressure in the throat, and we also assume 
that the expansion will follow the same law no matter what P x is. The 
maximum quantity flows out, then, if there is a fixed relation between P 2 
and Pj, which is given by 

P 2 r 2 \nKn- 1) 

pru+u 


The maximum quantity which can be delivered and the quantity delivered 
on Zeuner’s theory are : 


Maximum quantity, • (H'30) 

Quantity when u 2 =i/„ = /( (1130a) 


Ratio, 


W _ r/y- 1 \ (n + l 

M' — L\w— lAy + 1/ 


(11-31) 


If P 3 , the pressure in the space outside the orifice, is less than P 2 , the 
pressure in the throat, the quantity delivered will depend only upon the 
pressure in the vessel, T? v and the equation for quantity is of the form, 


M = cS 1 /(P 1 )/(?i) if Eq. 11*21 is true . . (11*32) 

=cS 1 /(P 1 )/(n, y) if Eq. 11*28 is true. 

/( P 1 )=\/(I > ] w i)» which is a function containing Pj only for those fluids 
where the density depends upon the pressure. Whichever hypothesis is 
true, it is seen that the velocity of efflux is constant so long as T x and n are 
fixed — that is, it is independent of the pressure existing in the vessel ; 
but the quantity delivered depends upon this pressure, owing to the increase 
of density of the fluid. For steam flow the value of n , the index for the 
polytropic expansion, depends upon the pressure and the quality of the 
steam, and therefore both the quantity and the velocity vary with P x as 
well as with T x . For air, if we assume that n is independent of P 2 , the 
pressure in the reservoir can be increased indefinitely without affecting the 
velocity. In practice, however, the tendency would be for the actual 
velocity to be reduced through friction to a greater extent when the pressure 
was high than when it was low, as friction increases with increased density. 

The velocity of sound in air at 60° F. = (#CTy)*=1120 ft/sec, and the 
throat velocity, Eq. 1129, is [2^CT 1 )//(y+l)]i, 

which becomes 1000 1020 1040 1150 ft/sec 

for temperatures, T, 40° 60° 80° 200° F. degrees. 


D. Formulae for steam and air flow. 

In order to find the quantity delivered for any fluid, we want to have 
the density, m 1? given in terms of Pj, and then the expression for the mass 
delivered can be written in terms of P x and n. 

For dry air we have, m=P/(CT), 0=53*34 Eng., 29*27 metric. 

For moist air, m=P/(CT), 0=53*18 Eng., 28*43 metric. 
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For saturated steam, m=0-587p* 94 (Zeuner) 
For saturated steam v' 9 * % w* 94 


(Stodola), 


w= 438 (Eng - )= r604 (metric ) 


1 46*1 T 

For superheated steam, — 0 0084 (metric) 


0-591 T 


— 0-1345 (Eng.) 


The quantity of air delivered becomes, 

M=/(w)v / Pi^i == ^'53p 1 /(T 1 )i, when n = 1-4 . 

The quantity of saturated steam delivered is given by Grashof, 
by Goodenough ( Thermodynamics , p. 256), as, 

M=0-01911 P* 97 = 2-38p* 97 (Eng. units) . 

Rateau’s formula, as quoted by Goodenough, is, 

¥=2-357^-0-1387 log Pl (Eng.). 

Napier’s formula, as quoted by Goodenough, p. 256, is, 


. (11*33) 


. ( 1134 ) 
. (ll’34a) 

. (11*345) 
, as quoted 

. (ll*34c) 
. (ll*34d) 


M=^ if p 2 <0-60^ .... (ll'34e) 

, = i[ 3( ^ 2 '] 1 if P2> 0-GOfx .... (1134/) 

=00292p 1 [(l — 0)0]* if p 2 >0-60;q, where <j>=p 2 /Pi- 
Rateau (Flow of Steam, p. 15) gives his own and Grashof’s formulae: 
Rateau, ¥ = (15-20~15-32)p 1 — 0-96 log e Pl (metric) . (11*34#) 
= (15-20 ~15-32);v 9725 
p varied from 1 to 12 kg/cm 2 . 

Grashof, ¥=15-26p 3 - 9725 (11*34^) 

Hiitte, p. 262, gives, M = 15-3c v p 1 ’ 97 .... (ll*34i) 

Geipel (Elec. Engr. Form., p. 515) gives, 

M=0-63p 1 (-01428), for a pure orifice, if p 2 =or<0-6p 1 . (11*34 j) 

=0-93p 1 (*01428),for an orifice and pipe, if p 2 = or <0-6p 3 . (11*34#) 

==0-63p 1 (*0292)[(l—^)^]i, pure orifice, p 2 >0-60p 1 . . (11*34?) 

=0-93p 1 (-0292)[(l — for an orifice and pipe, p 2 >0-G0p lm 

These are Napier’s formulae as mentioned above, with delivery co- 
efficients added. 

Thorkelson (Comp. Air , p. 166) gives for the two cases, 

M=0-535p 1 /(T 1 )* if p 2 <0-50p 3 

= l-060p 1 [(l — if p 2 > 0-50^! . 


. (ll*34m) 
. (ll*34n) 
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Kempe ( Engr . Year Boole, p. 772) quotes Leblanc as giving for the 
quantity of air flowing from atmosphere into a vacuum, 




. (11*34 p) 


In this the value of /(n) = 376, and therefore w=l-30. 

The second expression is given by Scanes ( Mech . Engr ., 31/322/1913). 
Carpenter ( Heating and Vent ., p. 133) gives the velocity of air flowing 
from an orifice into the atmosphere as, 

u 2 —2g 183*6 T x (l — <£* 29 ) . . . . (11*35) 

which is the equivalent of Eq. 11*36 with the constants inserted. 


E. Flow when external pressure is above critical pressure. 

The equations which must be used when the pressure outside the reservoir 
is above the critical pressure are : 

Velocity, «= . . . (11-36) 


2 /n_^l+l/nj 


Quantity, M = - (<f>^ n — </> 1+1/n ) J . .(11 *36a) 

^=P 2 /Pj varies from about 0*60 up to 0-99. This is the equation which is 
quoted by Durley (Trans. Amer. Soc. Mech. Engr., 27/176/1906), but which 
he found could be replaced by the simpler orifice equation for the low values 
of <f> which he used in his tests. 

We have other equations : from Eq. 11*17, 


but as P x — P 2 is small, 

H -(y-l) PlVl » P, 
=">, from Eq. 11 48. 


Therefore 


M 2 = 25-t> 1 (P 1 -P 1! ) 

“(i+0 

M2 — . g \2 

(1+0V ( 2 2) 


(11*366) 


(ll*36c) 


(ll'36d) 


(11*37) 


but as Pj— P a is small we take v 1 =v 2 , T^Tj, P 2 v 2 = CT 1 , and then 

M2_^S , I > 2(1 > 1 — l*2)/ r g \2 / 

M _ (1+flCT, • • • • ( 

and as P« is the same as P x approximately, this can also be put as, 


(11 *37a) 


M 8 _ 2gPi(P i P 2 ) / g \2 
M " (l+^CTi ( ibi) 


. (ll'37t) 
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The pressure and temperature can be read at either side of the 
orifice in this case, and the difference read upon a water or oil gauge of 
some sort. 


F. Orifice profiles. 

In order to get the maximum quantity of fluid out of the reservoir in 
practice when P 3 <0*60P 1 , it is desirable to terminate the orifice with an 
expanding nozzle, so that the velocity and pressure of the fluid can be 
gradually altered from w 2 , P 2 to u s and P 3 . If this is not done, the jet 
expands suddenly with a large friction loss while the pressure falls from P 2 
to P 3 . The whole orifice should be designed so that the pressure can fall 
gradually to the final pressure, and the shape of orifice necessary can be 
determined from the thermodynamic equations, 

tt*/(2flf) = J(Ii-I), S=Mi : ,/u . . . (11*38) 

Goodenough ( Thermodynamics , p. 262) states that friction can be allowed 
for by assuming that there is a proportion of the total energy lost, say from 
8 per cent, to 20 per cent. = A, and then 

g=J(l-A)(I 1 -I 2 )=^J ) - y (P 1 « 1 -P 2 r 2 )forair . (ll'38a) 

For a full discussion on the shapes of orifices, see books on turbines. 

G. Coefficients of velocity and delivery. 

So far no' mention has been made of the value of the area S 2 , minimum 
area of the jet, in discussing the flow from a pure orifice. The area is much 
less than that of the orifice, Sj, and the combined coefficient of velocity 
and contraction will give a delivery of the fluid of about 0-60 to 0*95 of 
the theoretical amount which would be delivered if the theoretical velocity 
existed all over the orifice. 

Probably it is best to find the coefficient of delivery by comparison of 
the actual amount delivered with the theoretical amount which would be 
delivered if the flow were frictionless and adiabatic. This coefficient will 
vary greatly with the different forms of orifice, being about 0-97 with orifices 
with rounded edges on the inside. The values of this coefficient as given 
by various authors are given in Table 11 ’2. One must be careful to note 
that c here represents the ratio of actual flow to that due to a particular 
kind of theoretical flow. 

Considering the flow from a rounded orifice, area Sj, with a diverging 
nozzle, there are three quantities of delivery which may be considered : — 

Mj, the quantity calculated for frictionless adiabatic flow. 

Mfc the quantity calculated when friction is allowed for. 

M 3 , the actual quantity delivered. 

It is conceivable that the form of the orifice might be incorrect, so that 
the fluid did not completely fill the smallest section and did not follow the 
lines of the diverging cone. In designing the nozzle, the friction Z should 
be allowed for, and if the actual friction is Z, the flow will fill the nozzle 
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exactly, but if the friction varies from Z, then it may be possible that the 
fluid does not fill the nozzle completely. 

In the case of a pure orifice, we may calculate the delivery as c'Sjtt'm', 
where u' and m' arc calculated after allowing for friction Z, and c' is the 
assumed coefficient, giving the ratio of the throat area S 2 to the orifice area 
Sj. c ' the coefficient should be independent of the friction. 

Or we may calculate the delivery as c // S 1 w 2 m 2 , where u 2 and m 2 are the 
theoretical quantities for adiabatic frictionless flow, and c" includes c v , 
which allows for the loss of velocity due to friction. 

Zeuner’s derivation of the coefficient of velocity c v will be found in 
Eq. 11*46. 

Table 11*2. — Coefficients of Delivery, c. 


Authority. 

Pure 

orifice. 

With 

pipe. 

Diverg- 

ing 

cones. 

With 

rounded 

outlet. 


Box, p. 115 (Daubisson) 
Hiscox, p. 97 (Poncelet) 

Box, p. 115 .... 

Church, p. 784 (Weisbach) . 

Unwin (for water) . 

Carpenter, p. 133 . 

Stewart, p. 955 

Geipel, p. 515 

Hiitte, p. 361 

Muller, p. 285 

•65 

65 
•423 
f *55 

1 78 

{ “ 
f 788 
( ’563 
/ *64 

1 76 
•63 
| *64 

•597 

•93 

•834 

*487 

•81 

•83 

•81 

•84 

*815 

■813 

•831 

■97 

■90 

•97 

*93 

•92 

•93 

•97 

*01 atmosphere. 
100 
•05 

2-0 

Up to 1 atmosphere. 

• 

1*2 = *925 Pj. 

= 710 Pj. 

= *589 P A . 

Values for general use . 


•81 

•83 

•97 

•97 

•93 

•93 

Small pressures. 
Large pressures. 


Hiitte, p. 361, gives the following table of c, c v9 n , etc. : — 



c. 

Cc. 

Cv. 

t- 

n. 

PtlPl- 

For circular orifice 

•64 

■65 

•981 

•04 

1*388 



( *815 

1*0 

•821 

•490 

1-243 

*925 

With cylindrical pipe, 14 mm diam. . 

A -813 

l'O 

•838 

•444 

1-252 

710 


(•831 

10 

•866 

•362 

1-271 

‘589 

Rounded orifice, 10 mm diam. . 

•97 

1-0 

*974 

*034 

1-392 

... 


H. Experimental values of c. 

Reynolds (Jour. Amer. Soc, M.E . , 38/953/1916) describes tests upon 
the flow of air through orifices, quantities being measured by a Venturi 
meter and by a Pitot tube and by gas-holders as the standard. 
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The orifices were from J in. to J in. in diameter, bored in ^-in. plate, 
and were placed in a 2-in. pipe line : the size of orifice seemed to have no 
effect upon the coefficient of delivery, but then the area of the largest orifice 
was only ^th of the area of the pipe, so that such a result might be antici- 
pated. The pressure at the back of the orifice varied from 10 to 100 lb/in 2 , 
and was atmospheric at the front. Weymouth’s formula were used for 
evaluating the quantities as measured by the Pitot tube — of the Taylor 
form — and Venturi meter : Reynolds found that the constants were 
reliable or otherwise, as follows : — 



Unreliable. 

Reliable. 

Pitot tube in 2-in. pipe . 

.. in U-in. pipe . 

Venturi in 2-in. pipe 

when w<30 
,, u< 41 
,, w<19 

when u > 60 
,, u>46 

„ «>20 


The Venturi constant was 0'95 ; u is ft/sec. 


For determining the theoretical flow from orifices he used Hirschfeld’s 
formula, taken from Heat Power Engineering , viz., 


which can be compared with the formula in Eq. 11 ‘36a. 


(11-39) 


Q=26-8^(^-«-^- 71 )' 6 at P 0 , T 0 . 


Unlees other than English units are being used, the constants do 
not agree. Values of the (j> function are given in fig. 11*2, so that the theo- 
retical discharge can be found by multiplying the constant by P 1 S 2 or 
(lb/in 2 )(area in sq. in.). To find the actual discharge, the amount found 
thus has to be multiplied by the coefficient of discharge, which Reynolds’ 
results give as c=0*94 — 0-40<£. 

This has been calculated from fig. 7 in the original paper, where the 
coefficient of discharge, c, is given as a straight line, c becomes 0*6 when 
^=0-85, p x being 17-3 lb/in 2 abs. 

Reynolds proceeds to find an equation for the discharge in terms of 
P x and P 2 without the use of any coefficient, thus incorporating c in the 
Pj, P 2 function ; and states the actual discharge is, 


60 Q=405(144 S 2 )(p 1 2 -p 2 2 ) ,48 /(T 1 )* 5 


Q=6*75(144)S 2 


[(Pi/ t i)(Pi-P8)( 1 +^)3' 50 . 

(Pi 2 -?* 2 )- 0 * 


The v^lue of c in Eq. 8‘14o is then (0-47)(l+<£)' 5 /(p 1 2 — P 2 2 )' 02 


. (ll-39a) 


. (11-396) 
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Upton {Jour, Amer. Soc. M.E . , 39/221/1917) discusses Reynolds’ paper, 
and shows how the ordinary formula for orifice flow produces a similar 
curve to that given by Reynolds’ formula : in Reynolds’ tests the ratio 
of orifice area to pipe area is (3/32) 2 : assuming that there is a coefficient 
of contraction of 0-7 the ratio c(S 2 /S 1 ) 2 becomes = *000043, which is negli- 
gible : in that case Upton shows that the ordinary Venturi formula gives, 
(Pi— P 2 )*(~ 0*072 Pj-f 1*072 P 2 )l, which is to be compared with Reynolds’ 



Fig. 11*2. — Value of the function <p i n for use in orifice flow. 

0*655(P 1 2 — P 2 2 )* 48 : these agree numerically up to the point where 
(P 1 2 -P 2 2 )* 48 =0*40. 

Reynolds and Ling (Jour. Amer. Soc. M.E . , 39/250/1917) state that the 
most probable values of the coefficient of discharge for various orifices are : — 
For a thin plate orifice, pressures 1 to 12 in. water, c=*60 


„ 15 to 50 lb/in 2 , 1 to 3*8 kg/cm . . =*63 

„ 50 to 150 lb/in 2 , 3*8 to 11*4 kg/cm . =*65 

„ short cylindrical pipe =*75 

„ rounded convergent nozzle . . . . =*98 

,, straight convergent nozzle, 6° to 10° . . =*90 


L. Hartshorn (Proc. Roy. Soc., 94a/155/1918) gives the results of tests 
on the discharge of air under atmospheric pressure from orifices 0*8 to 2*4 
mm in diameter into a receiver wherein the pressure varied from 30 mm to 
64 mm mercury. St Venant and Wantzel had stated that the discharge 
increases as pJPi decreases until p 2 /p 1 =0*3 to 0*4. . 
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In 1885 Osborne Reynolds gave the critical value of pJPi— 0-50 to 0*53. 

In Hartshorn’s report the actual quantities of air delivered are not 
stated : the figures and graphs are given only for the discharge compared 
with the maximum discharge. They show that the value of the critical 
pressure in the receiving vessel is about : — 

P 2 =0*2 P x : for pure and convergent orifices and straight cylindrical 
pipes. 

— 0*4 Pj : for orifices ending in divergent cones of 16*6° and 2*5° 
respectively. 

=0-5 P x : for orifice with divergent cone of 7*8°. 

=0*8 P x : „ „ „ „ „ 4-4° and 2-5°. 

The way in which the orifices were associated with the cylinder from 

which the air issued might easily 
affect the discharge. The orifices 
were made from blocks of invar 
8 mm in diameter, soldered into a 
brass collar about 10 mm outside 
diameter, this collar being soldered 
into a brass tube. See fig. 1 1*3. 

Fro. 1 1 ’3. — H artshoru’s orifice. Thc contraction at “ a ” might 

have an effect on the discharge. 

Hodgson (Proc. Inst. C.E. , 204/129/1917) discusses the relation between 
water and gaseous flow in orifices : his conclusions are : — 

1. There*is ordinarily no fixed relation between the coefficient of delivery 

for gas and for water. 

2. If, for water, M = constant (P^ P 2 )*, then when <£ = 0-98 to 1-0, c is 

the same for air and water. 

3. For air, with shaped nozzles, c varies down to 0*85, but approaches 

1*0 when <£=0*527. 

4. For air, when <£ = or <0-527, c=0*97 to 1*0. 

As regards the effect of the size of the orifice in a pipe line, he says : — 

5. For water, c— 0*608, when S 2 /S 1 =0 up to 0*49. 

6. For water, c decreases when S 2 /S 1 =0*49 to 1*0. 

The reason for the decrease of c was the rapid rise of P, in the neigh- 
bourhood of the pressure hole, which was closed by the orifice plate ; it 
was a kind of Pitot effect. Some approximate values for c are : *605, 
*595, *580, *550 and *500 when D 2 /Di~ *75, *80, *85, *90 or *95 respectively. 

Hodgson measured his pressures, P 2 and P 2 , in the plane of the orifice. 
The value of Pi increases considerably just before the orifice if S 2 nearly 
equals S x ; and P 2 decreases suddenly after the orifice and then increases. 
This method of reading P x — P 2 does not give the loss of pressure at the orifice 
as a whole, as — P 2 ) is soon recovered after the orifice : P 2 is therefore 
rather the throat pressure than the pressure after the orifice, P 3 , which 
exceeds P 2 in the case of a pipe line. 

One can think of a piece of pipe, say 5 ft. long : assume the fall of pressure 
is Pit— P 3 when no orifice exists, and = P 2 — P 3 ' with an orifice, and that 
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P 2 is the throat pressure with the orifice in place : the discharge can be 
considered relative to either Pj — P 3 ', or to Pj — P 2 if P 2 is measurable, or 
to Pj"— P 2 " where P 2 " and P 2 " are measured in the plane of the orifice : 
according to Hodgson, P/^P^ and P 2 "<P 2 '. 

Hodgson’s tests with the flow of air through square-edged orifices, with 
^=6 in., and d 2 =0*67, 1-0, 1-57 in., gave c=0*914 — 0-306^ : this equation 
also held for steam flow in a 6-in. main at 50-70 lb/in 2 , at 50° F. superheat. 
With this formula one might compare Reynolds’, viz. c =0*94 — 0*40^. 
It is suggested that square-edged orifices get corroded, and that then the 
value of c varies. The amount of the variation must, I think, be only a 
small proportion of the total. One would imagine that the effect of dirt 
and corrosion upon the edges of an orifice plate whose thickness is a fiftieth 
of the diameter of the orifice would not be serious, and that it would not 
matter seriously whether the orifice had a slight bevel or not in such a case. 
Hodgson, however, goes to such a fine degree of accuracy that any slight 
alteration in the coefficient would be noticeable, though commercially it 
might be negligible. One notices Hodgson’s equation used on p. 153 for W, 
viz. = 2-6998^/^ : for all practical purposes this might just as well be 
put as 2*70p 1 /T 1 as neither p x nor T 1 will ordinarily be read to 1 part 
in 10,000. 

On p. 155 a summary of the values of c is given, thus : — 


When 1-0 to 0-98. 

Nozzle 1. c-=0*75— 0-95. 

c varies with M. 
c varies with nozzle. 

Nozzle 2. c=0*94, small nozzles. 

c=0*99, large nozzles, and is 
constant for any one nozzle. 

Nozzle 3. c=0-82 with d 2 = 0-25 in. and 
d x = or > 1-0 in. 
c=0*62 with d 2 =7-0 in. and 
d x «j:9*0 in. 

Nozzle 4. c— 0*608 for d 2 /d 1 <0*7 for all 
values of d 2 . 


When (p <0-98. 
c=0*97 — 1-0 \yhen 


c= 0*97 — 1*0 when 


c =0-92 -0*30^. 


c =0-914 -0*306^. 


On p. 185 it is stated that the discharge from squared-edged orifice may 
be put, when ^>0*88 and S 1 /S 2 >6, 




(11*40) 


Estep (Iron Age , 98/1049/1916) gives a chart for calculating lb. of air 
delivered by well-rounded orifices : he does not mention what particular 
shape or size of orifice is to be used. He puts c=0*98, which is perhaps 
reasonable ; but the reader may use any coefficient he likes. Estep’s 
curve shows 

23(53-18)^(1— ^)=K 


for various values of <f>. Another curve shows lOOOv^t i x =r (it would be 
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as simple to show vjv 1 and leave out the 1000), so that the discharge is 
readily found from 

M= <;S(KT)i (ll-40o) 

ri’i 


K and r being read from the curves. The K curve might equally well 
have shown K*, thus simplifying the calculation. 

Rateau, when comparing and discussing the results of tests on the 
flow of steam from convergent nozzles when the back pressure is relatively 
large, that is, when P 3 is greater than nT lf took the values of the ratio, 

theoretical delivery for P 3 and P 2 __ M 
theoretical max. delivery for P a (-58 P) and ?i W* 


where M' is the maximum delivery. 

The quantities can be determined theoretically from the temperature 
entropy curve. He also plotted the curve giving the ratio of the actual 
delivery, M, to the theoretical maximum delivery, and then found the 
coefficient of delivery to vary from 0-94 up to 1*00. Values of M/M' 
plotted against values of P 3 /Pj show elliptical curves similar to Hartshorn’s, 
M/M # increasing as P 3 /Pi falls from 1-00 to about 0*5. 

With a thin plate orifice the results were different. The coefficient of 
delivery varied from 0*61 up to 0-87. He then found the values of the 

ratio, deIive - r y.if” m orifice P Iate __, and found that the coefficient c 
delivery from convergent nozzles 

followed a straight-line law, c = l — 0*356(P 3 /P 1 ), giving c = 0*64 when 
P S =P 1 , c=7)*80 when P a = 0*55P. 

Hirn (Rateau’s Flow of Steam, p. 46) is stated to have found c =0*633 
for air flowing from orifices under small pressure differences. 

Morley ( Engineering , 101/91/1916) discusses the flow of air from nozzles 
when Pj is 25 to 70 lb/in 2 , the tests being made to determine the most 
efficient type of nozzle for use in gas-turbine work. Six nozzles were used, 
and five of them were reduced in length from time to time during the tests, 
so that altogether eighteen different nozzles were tested. The quantities 
were measured by means of a 6 ft. by 3 ft. container and pressure gauges. 
The velocities weTe measured (a) by noting the force of impact of the jet 
upon a flat disc placed at right angles to it ; (b) by noting the force of re- 
action of the jet when it delivered air direct into the atmosphere, the nozzle 
being connected by a flexible tube to the container, and resting on one 
end of a balance ; by placing weights on the other end of the balance the 
force of reaction when air was flowing could readily be measured. Morley 
found that measurement by reaction was better than measurement by 
impact : the latter method gave readings 12 per cent, higher than the 
former, the reason being that the issuing jet sucked the surrounding air 
into itself and gave it a forward motion, so that the quantity of air impinging 
on the disc was in excess of the air being discharged through the nozzle. 
The force of impact was a maximum when the disc was placed at about 
8 inches from the end of the nozzle. 

The coefficient of discharge was found to vary from 0*95 to 0-98 ; the 
throat areas of the nozzles varied from 0-0294 to 0-0302 sq. in. The best 
delivery was given by nozzles with a rounded entrance — though the type of 
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rounding appears to make no difference — and with no diverging cone, or 
at least with < niy a very small cone of very small divergence. Long 
diverging cones, or cones with divergence of more than 1 in 64, gave a 
reduced discharge and a lower velocity. The coefficient of velocity was 
found to be unity with the first type nozzle, this also giving the maximum 
velocity. Morley also tested the flow through an orifice plate 0*196 in. 
in diameter at pressures 25 to 50 lb/in 2 ; the velocity of discharge was 
practically the same as for the best short nozzles. 

Anthes (Power, 44/58/1916) has given the coefficients for the discharge 
of oil from orifices 0*0232 in. to 0*0807 in. (approx. 0*60 to 2 mm) in diameter 
at pressures varying from 10 to 350 lb/in 2 . The coefficient of discharge 
decreased from 0*70 to 0*63 at 10 lb/in 2 pressure as the orifice increased 
in size : the coefficient decreased also — for any particular orifice — as the 
pressure was increased, the range of variation being about 0*73 to 0*66. 

Davidson ( Proc . Roy. Soc ., 89a/91/1913) describes tests made on the 
flow of oil through drowned orifices 40, 20, 5 mm in diameter, at pressures 
up to 1000 mm of the oil. The temperature varied from 11° C. to 110° C., 
and v the kinematical viscosity varied from 200 to 0*14 ; the coefficient 
of discharge varied with both v and the head, but the maximum value 
obtained was 0*70. It is pointed out that the laws of capillary flow based 
on the assumption that the stress varies with the rate of distortion would 
not hold, as that assumption proved wrong for the oil. 

Bradley (Phys. Rev., 29/258/1909) discusses the flow of air from orifices 
at very low tenfperatures and high pressures, the initial . temperatures 
being 20° to —120° C., and the pressures from 68 to 204 atmospheres. 

With regard to the use of orifices for measuring the quantity of air 
delivered by pumps or compressors, if the pressure is quite low, then a pure 
orifice should be used, and the coefficient c taken as 0*60 ; if the pressure 
of delivery is high, one should use a rounded outlet and choose c as being 
approximately 0*93 ; in both cases the orifice should preferably be in the 
wall of a container or box, and not directly at the end of a pipe of small 
diameter. 

Fig. 8*6 and Table 11*2 show generally how c varies as the conditions 
vary, but much more information seems to be necessary before definite 
values of c can be known for all cases. 


I. Pressure P 2 in the throat. 

The question arises as to whether the delivery from orifices does actually 
follow the law, 

when the pressure outside the orifice is below the critical pressure, n / P 1 . 
Experiments confirm the law generally, but the value of n' varies. 

Rateau (Flow of Steam, p. 46) says that for steam n'=0*58, while for 
air n' = 0*52. 

Fisher (Proc. Inst. Mech. Engr. 9 — /927/1914) tested the steam flow 
from J-in. nozzles of various types, and found the value of n'=0*38 and 
also 0*465 for a pure orifice : this, of course, is much smaller than the value 
to expect if n=l*4. 
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I 

Stewart ( Proc . Inst. Mech. Engr ., — /949/1914), in dealing with the flow 
of air from nozzles, suggests that the cause of the low values may be due 
to the value of y for air being 1-66 instead of 1*4, as ordinarily taken, 
assuming that the molecules of air have five degrees of freedom. He found 
=035, and found that this ratio was lower for a pure orifice than for 
one with a rounded edge. He mentions that Grindley (Proc. Roy. Soc ., 
66/79/1900) found for steam n'=0-33. 

Another cause to account for the low values, i.e . those which are less 
than about 0*52, is obtained if we assume that the kinetic energy of gases 
is due to two kinds of motion, one being the motion of individual molecules 
around its own centre of inertia, and the other due to the motion of trans- 
lation of the whole of the molecule. Stewart suggests that, in the case of 
the flow from orifices, only the energy of the translation velocity is altered, 
and that the motion of rotation remains the same during the first portion 
of the flow. Later on this energy can be gradually altered to translational 
energy. With such a theory the value of the adiabatic flow index becomes 
1*66, so that P 2 /P x is reduced from 0*527 to 0*484, and, since P x — P 2 is now 
increased beyond what it is if P 2 /P x =0*52, the total flow is increased. For 
the further discussion about the theory of y~ 1*40 or 1*66, see Poynting 
and Thomson (Heat, p. 130) and Meyer (Kinetic Theory , p. 140 ff.). 

The discussions on friction also have a bearing on the ratio of P 2 /Pi- 


J. Effect of friction. 

Here we shall discuss the theoretical investigations concerning the 
effect of friction upon the flow. 

Stewart (Proc. Inst. Mech. Engr., — /949/1914) gives the following 
theory. The energy lost in friction is assumed to be a constant proportion 
of the difference of pressure at the two sides of the orifice, and he therefore 
takes the energy lost in eddies as 


«Pi(W) • • 

11 2 wOT n—\ 

Then, from Eq. 11 '05, = n= y(l-<£ n 


_ cS)M a cS 1 n^ ln 




W+2 \ 


( 11 - 41 ) 

( 11 - 42 ) 


( 11 - 43 ) 


We get the maximum quantity when the differential of this in respect 
to <j) is equal to 0, which occurs when, 


a(n-\) 2/<l>-(n+l)(l/<l>)'<» 

v x n “ 2#-(w + 2) } 


( 11 - 44 ) 


Stewart gives a graph showing how (f> and n vary for various values oi 
the above function for/(Z), between 0 and 0*25 (see his fig. 9, p. 955). In 
any problem, we choose a value for a the friction, and for n the polytropic 
index : we are given Pj, and know v v so we determine the value of the first 
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factor, a(w— 1 )/{v 1 n), and from the graph we find what the value of <f> will be. 
The actual value of P 2 at the throat will be in accordance with the calcu- 
lated value if the friction does vary as 1? 1 — P 2 , and if the right value for a 
has been assumed. If the law is true, we can determine the value of a 
which will suit the particular case or test, when P 2 has been found by 
experiment. 

Goodenough’s suggestion for dealing with friction is to assume that 
the friction 

= ^1,-1,) (1145) 

This will not alter the value of the ratio 01 0 f° r maximum 

delivery, whereas in Stewart’s case the value of P^I^ alters as different 
values are taken for a. 

Stodola found the amount of energy lost in friction when steam was 
flowing through nozzles by actual tests, and gives (Steam Turbine , p. 63) : 

Total energy lost in friction, Z=(5-8 per cent.)(l 1 — 1 2 ) 

or =(10-15 per cent.)^ — 1 2 ), 

the first value being for nozzles less than 50 mm long, and the latter value 
being for nozzles 100-150 mm long ; the smallest diameter at the throat 
being 6-10 mm ( = 0*24 in. to 0*39 in.). 

He also found what the value of the friction was, by determining the 

loss of head, =A£j W ^ = P erimeter » an( * foun ^ that £ =0039. Using 

Unwin’s value for friction in pipes of 0*25 in. and 0*36 in. in diameter, we 
find £=0 0415 and 0*0297, so the agreement is fairly good, considering the 
method by which it is found. 

Zeuner’s theory concerning friction flow is based on the assumption 
that the head lost in friction is £u 2 /(2g) : he finds how £ is related to the 
index of expansion n. Assuming that the pressure at the back of the orifice 
is Pj, and 1 ^ = 0, which may also be taken as H feet of fluid, of density m 1 , 

The theoretical velocity of efflux =w 2 * 

,, actual ,, ,, == CyU^t 

„ energy of flow for velocity u 2 =H=w a 2 /(2^). 

>> >j >> a c„ < w 2 =H — (c v w 2 ) 2 /(2<7). 

,, ,, lost in friction = £H'. 

Now, the total head, H, makes up 
Therefore the relation between £ and c v is, 

w-lif • • • (11 ' 46) 

Then we also have to determine the coefficient of contraction for 
the various types of orifice, and thus get the coefficient of delivery, or of 
efflux, c=c„c c . 

In order to determine the polytropic index for flow with friction such 
as always exists in any kind of orifice, we commence with the case of simple 
orifices, that is, either a pure orifice, or a well-rounded orifice, or one in which 

16 
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there is a short cylindrical pipe as an outlet. In all these cases the co- 
efficients are well known for water, and we shall assume that the coefficient 
in the case of air, and the loss of head, £, is constant for any particular 
orifice. 

The friction work Z then = £w 2 /(2<7)=£H'. 


Therefore 

Putting 
we have 


dZ=£dH'= - from Eq. 11*14 


JviV+Vydv) from n . 15 

y-i 


(jy(P dv+v&?) 1 vdP + Pydt’=0 . 

. (1V47) 

vdP(l + £y)H-P dv y(l -| £)=0. 


l+fy y(»-i) 

. (11-48) 

Pt>"= constant, and ^ -,r 

y(n-l) 

. (1149) 


If either £ or n is chosen, the other is thus determined. The values are 
given in Table 11’2. 

According to Weisbach, £=0*063 for a well-rounded orifice 
=0*063 for a pure orifice 
r =0*505 for a short pipe. 


Rayleigh (Phil. Mag., 32/177/1916) discusses the motion of gases dis- 
charged through orifices at high pressure, especially in regard to what 
occurs to the jet after it has left the orifice : he mentions Emden’s work, 
where it is shown that the jet does not simply expand quietly in the receiver, 
but has a series of contractions and expansions produced from stationary 
sound waves. This type of motion occurs when the velocity of the jet 
exceeds the velocity of sound in the gas. 


K. Equations for throttling. 

With regard to the flow of air through orifices in pipe lines or through 
valves where throttling exists, all such obstructions cause a loss of work, 
and should be avoided where possible, unless one wants to waste energy 
for some particular purpose. 

Considering a pipeline with an orifice (w 3 =vel. after orifice), Goodenough 
(Thermodynamics, p. 268) says that, 

K 2 -V)/(2^)=J(I 1 -I 3 ) . . . (11*50) 

and that ultimately v 3 becomes equal to u v in which case Ii=l3, and the 
equation for a throttling process is that of a constant heat content. But 
it seems questionable if the velocity before and after throttling is the same. 
For simple gases it can only be so if v s = v l9 and P 3 and T 3 are such as to make 
the volumes equal. In any case P 3 must be less than P 1 for the flow to 
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exist at all, and the work per lb. which can be got from the fluid in 
expanding from P 3 to the final pressure P" after leaving the pipe is, 


P 1 r 1 (l-(P"/P 1 )^ 1 } 


l-l 


The work which the fluid can do after the throttling is, 

P 3 r 3 {l-(P"/P 3 r^} . . 


n — 1 


Using the fundamental Eq. 11*02, 


2 __ nj 2 


(11-51) 


(11-52) 


(11-53) 


and taking q=0, that is, assuming that no heat leaks into or out of the 
system at the throttling constriction, then if 

Ii = I 3 =a constant = for gases 

therefore T 3 must equal T v 

For actual gas flow, with <7=0, we have, 


T _ P i p i T t , y 3 2 ~ u i 2 

1 — J(y — 1) 3i 2g3 
Wl = MCT j/BjPj, and m 3 =MCT 3 /S 1 T 3 ; 
so that we get from Eq. 11 '54, 

Cy(T 1 - T 3 ) /MC y f / T 3 \* _ /TA*\ 

j(y-i) v s ) \Vp 3 ; Vp j j 


(11*54) 


(11*55) 


which means that for perfect gases, with P 1? T 2 at one side, and P 3 being 
known at the other side, T 3 must be defined, and can have only one particular 
value. 

If, now, the heat content is constant, we see that T 3 =T X and P 3 =P 2 , 
so that v 3 =v 1 and u 3 =u v This is an impossible case for perfect gases, as 
it would mean there was a flow without any pressure difference causing it. 

Eq. 11*55 can be solved by trial and error, when P 3 is read upon a gauge. 
As P 3 <Pi and I 3 <I 3 , T 3 must be less than T x , and the gas is cooled in 
flowing though the orifice. 

The amount of work lost by throttling is, 




. (11*56) 


assuming that the law of expansion will be the same from P 3 to P" as from 
P x to P". In order to simplify this expression, we neglect the difference 
between T 3 and T lf and then we know that we have put a lower value upon 
the loss of work than the actual loss is, as T s is less than T x really. The 
work lost therefore must exceed that given by, 


P,^ 17 P'V-i/n /P"\i -i/M 


P" 


P" 
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and using the symbols P 3 =Pj(l — a), where a may be a small or large 
quantity, depending upon circumstances, 


this is, 


iVi/i>"y -’/»/ 

M-iViy \ 


l-(l-a) 1 - 1 /" 



(11-57) 


which can be put in the simpler form, 

-p . O® («+l)an 

P * 1 (or CT i) Uy \n + 2» 2+ 6n s J 


(11-58) 


This shows how much work is lost as a, P, n vary. If a is to be a fixed 
proportion of P l5 and the expansion of the fluid follows the same law no 
matter what Pj is, then the work lost decreases rapidly as P x is increased, 
because P" is about atmospheric pressure and P 3 =Px approximately if a 
is small. 

This problem is of interest in connection with air and gas meters, as the 
different types of meter differ considerably in the drop of pressure which 
they require to give readable deflections. If a meter needs 8 in. water to 
give a full-scale deflection, and the pressure 1\ is large, only a small pro- 
portion of the work is lost ; but if the fluid is at low pressure, and the meter 
requires a prossure 3 in. of mercury (34 in. water), the lost work may become 
considerable. 

Assuming that n= 1, we have a different equation : 


- Work which could be done^^ (log e Pi— log c P") 
Work lost = (log e Pi— log P 3 ) 

p af - jwork lost log, Pj-log, P 3 

work possible log e P x — log e P" ’ 


which must be calculated out for the values of P x and P 3 found in any par- 
ticular tests. 

If n is not 1, and the expansion follows a polytropic curve, we can find 
the value of the function of a, n for various values of a and n. 


Putting (P"/Pi) 1 '‘* 1 ^*=6, and {1/(1 — 

the work possible from P 1 =CT 1 (1 — b) . 
,, „ .. r s =CT a (] —by) 


lost work 1 — b— 1 + bw b(l — y) 

the ratio, - ... r =- — 7 v— im- 
possible work 1—6 (1—6) 


Assuming that T 3 =T! and a is small, 

ost work 
sible work 

(y-l) = (»-l)/(o, w) . 

. a l/a \ 2 n+l/o \ 3 

/(a. «)=-+2 (J +~T\J 

and the value of the ratio becomes, 

In — !)/(«, n ) 


Now, 

where 


(11-59) 

(11-60) 

(11-61) 


(11-62) 


/n 
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We can evaluate this for values of a/n— 0*10, 0*05, oot etc., and for 
values of n from 1*01 to 1*40 : the numerator of the fraction is always small, 
but the denominator may become small also, and then the ratio can reach 
a relatively appreciable magnitude. 

When a/n= 0-10, 0-05, 0-01, 

/(a, n) -0-1052, 0-05127, 0-01005. 

Now, when n is nearly 1, (P 1 /P") 1 ~ 1 / n becomes only slightly greater than 1, 


say, (Pj/P") = 2, 5, 10, and n=l*l 

(P 1 /P' , ) 1/11 = 1-065, 1-15, 1-23. 

Taking an extreme case, where Pj/P" — 2 and afn = 0*10, n — 1*1, the 
percentage of work lost in throttling is, 


0-10(-1052) 
~ 0-065 


= 16-3 per cent. 


The question deserves attention when manufacturers are offering 
meters for the measurement of air or gas at atmospheric, or below atmo- 
spheric, pressure ; some makes of meter might consume in the throttling 
appreciable amounts of the total available energy. 


L. Throttling in cocks. 

The amount of throttling of air at low pressures in cocks Is more than 
one would expect. Tests made at various times upon apparatus controlling 
pneumatic tubes showed a much more serious drop of pressure at the 
cocks than was anticipated. It must be remembered that in pneumatic- 
tube work the pressures are relatively low, and any loss becomes a large 
proportion of the total available pressure. 

The tests were made chiefly on old 1 J-in. three-way cocks of the British 
Post Office, as illustrated in both the old and new editions of the Technical 
Instructions , X. : this type of cock has been in use a considerable number 
of years. At one time the object of the cocks was definitely to reduce 
the pressure in the reservoir from, say, 15 to 18 lb/in 2 to 8 to 10 lb/in 2 for 
use in the tubes : then the pressure of air in the reservoir was reduced to 
about 8 to 12 lb/in 2 , and the cocks reduced this to about 6 to 7 lb/in 2 in the 
tubes. Existing practice is to have the air delivered at about 5 to 12 lb/in 2 , 
and to use it at about the same pressure, the controlling cocks being made 
of full bore and causing a loss of about \ lb/in 2 . The values of the pressures 
quoted above give a general idea of the trend of practice, and do not apply 
to any particular place. 

Fig. 114 shows the effect of throttling ; the straight line gives the 
pressure existing in the reservoir or container, the curved lines show the 
pressure which existed in the tubes : the throttling was, of course, greater 
at the higher values of the pressure on account of the greater quantity 
flowing. It is obvious that, to get the same pressure in the tube, the 
reservoir pressure might be reduced by about 1 to 3 lb/in 2 if there were no 
loss of pressure in the cocks. 

The general conclusion on this matter is that in services from a reservoir 
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practically no throttling should take place in the cocks supplying those 
services which have the maximum load, because then the pressure in the 
reservoir may be kept at the lowest value consistent with working the 
apparatus at the end of the service ; every increase in the reservoir pressure 


Lb/ In 2 

2'FuH'V 


2 »a/r V 
li’FulhV 


li'HalF V 


0 2 4 6 B 10 12 


Reservoir 

Pressure, Lb/ In 2 

(Gauge) 

a. Pressure in reservoir, no cock in circuit. 

b, Pressure working 

, 2 -in. cock, full on. 

c, Vacuum 


2-in. „ 

»» 

d. Pressure 

t* 

14-in. „ 


e, Vacuum 

»» 

2-in. „ 

half on. 

/, „ 

»> 

lj-in. „ 

full on. 

g> » 

»> 

lf-in 

„ 


»» 

lj-in. „ 

half on. 


Fig. 114. — Loss of pressure between the reservoir and the 
tubes due to the throttle cocks. 



causes a proportionate increase in the amount of work which has to be done 
on all the air passing through such reservoir. On the services where the 
load is less and where it will not be necessary to have the maximum pressure, 
it may be desirable to have throttling simply to reduce the pressure at the 
apparatus. 

Jude (Inst. M.E. Proc ., — /977/1920) deals with super-critical flow from 
convergent nozzles and from pure orifices ; he finds for the critical pressure 
ratio : 

vJp ! = -5366 -5271 -5201 -528 

y = 1-35135 1-40845 1-44927 1-402 

1— 1/y = -26 -29 -31 -286 

Buckingham (Bureau of Standards Bull, 15/573/1920) describes the efflux 
of hydrogen, methane, carbon dioxide and argon from orifices 0-05-0-09 
mm in diameter. 
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The following are exhaustive papers on steam-nozzle ffow : Mellanby 
and Kerr, Engng., 110/310/1920 ; N.E. Coast Engr. and Ship., 37/249/1920 ; 
Inst. M.E. Proc., — /855/1922 ; Power, 60/875/1924; also M.E. Proc., 
— /977/1920, — /311/1923, — /31/1928, and — /405/1928 ; Loshge, Z.V.D.I., 
67/740/1923 ; Petrie, Engng., 122/495/1926 ; Oakden, Engng., 125/80/1928. 

Considering Eq. 8"07, 11-20 and 11-36, in order to discuss orifice flow, 
we shall use the expressions <f> 7 and <f> s for the following equations, using 

PJP 1 =<k, Sa/S !=£:- 


* 


r w (^2/»_^i+i/«) 
98“ [_ 


n "i 1 /* 
^1). 




-. 1/2 

u 


(11-64) 

(11-65) 


-,1/2 

'J 


_(»-l)(l-j3^")J ' ' (11 ‘ 66) 

These expressions, with v in place of n, we shall call ifi ly */r 8 , \ p 9 . When M 
is given in terms of S x , </> 8 comes in, but when M is given in terms of S 2> 
<f > 9 comes in. 

Hodgson (Selected Engng. Papers , No. 31, Inst. Civil Engr., 1925) 
describes the laws of orifice flow, and shows how the discharge coefficient, 

O. fr, varies with the values of (-^~“) > an d also with values of <f> (<£' here 

is Hodgson’s </>). The first equation he gives is : 

M ^'-(I=^)i ‘ *. • ( n ‘ 67 > 

where <f>'=ip 9 [(l — jS 2 )/(l— </>)]*, which is the ratio of the adiabatic discharge 
equation to the liquid discharge equation ; 

p l9 p 2 = dynes/cm 2 ; M=gm/sec ; mj-gm/cm 3 . 

We can say then, 

M=QS 2 ^ 9 [2m 1 (p 1 ~p 2 )/(l^. 

For j8=*710 the values of at very small pressure differences rise beyond 
1-0 up to about 1*040 for values of <j> very near unity ; then they run from 
•6 at <56= *9 down to *44 at <£=*4. Hodgson gives curves of <£' for air at 
values of 1//? from 1*1, 1*2, 1*3, etc. up to 4, 6, and infinity, and values of 
<f> down to *60. He suggests that when using orifice meters an orifice 
should be chosen where is less than *49, as such an orifice has a constant 
coefficient of discharge over a wide range of flow. For the ratio /?=*178 
the coefficient becomes constant for all values of ( M/D77 )* greater than 
150 ; in practice its usual value lies between 200 and 3000. 

Wenzel (Z.F.D.Z., 66/1130/1922) measured the flow of large quantities 
of gas from a 20,000 m 3 gasometer through 9 different rounded orifices 
and through pure orifices. He states that for pure orifices with j3 up to 
•75, c=l— 0*395(1— 0*87 j8 2 ) 1/2 . The orifices used were 804, 1100 and 1248 
mm in diameter in the 1495-mm diameter pipe ; 350, 600 and 750 mm 
in diameter in the 995-mm diameter pipe ; 451 and 502 mm in diameter 
in the 595-mm diameter pipe. p x was measured 130 mm before the orifice 
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Stoller (Z.V.D.L, 70/44/1926), testing gas flow through orifices of 6 to 
10 mm diameter in pipes, where p x was measured 4D X before the orifice and 
p 2 3-7D x after the orifice, found values for k in the equation u=k(2gh/m) 1 l 2 , 
where h is in mm of water, and therefore equals Pi— P 2 in metric units, as 
in Eq. 8*19, and M is in kg/m 3 , p x — p 2 varied from 5-20 mm of water. 
£=•945 for a 9*5-mm orifice at *65 mm of water, and =-919 for the same 
orifice at 2*40 mm of water. The variation of k with p x — Pz was •902-*827 
for orifice number 6, and -807--736 for orifice number 9. 

Swift (Phil. Mag ., 2/852/1926) deals with the effect of surface tension 
on discharge from small orifices ; such tension gives rise to a pressure 
difference across the vena contracta and an increase of pressure at the centre, 
so that the effective head is reduced by an amount 2 a\md! , where d! is the 
diameter of the vena contracta in inches ; the correction for water becomes 
•022 /d'. Swift made a series of tests for six liquids, in which rj varied 
from *020 to -00024 ft. lb/sec units, flowing through a 0-1-in. orifice at 
heads of from 5 to £ ft. ; the coefficient of discharge c varied between -62 
and -70, but was not constant for the same values of v/Du (or X). But for 
very viscous flow through orifices *48 in. to 1 -0 in. in diameter, X determined 
the flow. For a rounded orifice c falls continuously as X inci eases. 

Thomas (Phil. Mag., 44/969/3922) tested the entrainment of air due to 
flow from a tube. Delivery was made through an orifice placed in another 
tube, with the orifice pressure kept constant to within 0-5 per cent. The 
orifice discs were -0229 cm thick and of diameters -1621 to -0256 cm. The 
orifice discharge followed the law : 

cm 3 /sec at 0° C. and 760 mm-A'f^-^) 0 , 

where A , =509d 1 ’ 892 for the larger orifices, for which -1621 to *0870 
and a=-478 to -485, while for d=-0607 to -0256, a=-502 to *564. The 
coefficient of contraction S 0 /S 2 varied from -642 to -684. Testing the flow 
through a tube -2789 cm. long, Thomas found that cm 3 /sec=(73 d — 2-33) 
(p 1 —p 2 ) a , where a=-579 and up to -628 as d varied. As regards entrain- 
ment, the volume of air entrained per unit volume of air issuing from the 
jet was greater for the smaller diameter orifices until instability occurred 
with very small diameters. To get a certain volume entrained at a less 
expenditure of air it is best to use a few jets of small area rather than a 
big jet of equivalent area, though the velocity in the vena contracta is 
approximately the same in both cases. 

Thomas (Phil. Mag., 46/785/1923) describes the effects of a gas issuing 
from a jet and entraining another gas by its injection action. Taking 
m x as the density of the issuing gas, and m 2 as the density of the gas being 
entrained, Thomas found that when a lighter gas entrains a heavier gas, 
the volume entrained at normal temperature and pressure per unit volume 
of gas issuing from the orifice at p v Tj is given by : 

V= a[m x + /}( m 2 — »t 1 )(iit 1 /»f 2 ) 1/ *]. 

a is the volume issuing when m 1 =m 2 ; /J is a constant. When a heavier 
gas issues into a lighter gas, V, =a[wi 1 — (pm 1 m 2 +c)], and c are constants. 
Tests were made with air at 14°, 100° and 184° C. through an orifice -08884 
cm in diameter, area -00614 cm 2 , punched out of nickel steel *0305 cm thick, 
entraining hydrogen, coal gas and carbon dioxide at 0-25 cm of water. 
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CHAPTER XI.— SYMBOLS USED.* 


Equation. 

Symbol. 

Meaning. 

. . 

A = 

=w 

= multiplier to bring work units to heat units. 

11*57 

a 


= proportionate loss of pressure in throttling. 

11.59 

b = 

=(P'/p 1 )i»-«/» 

=a function of pressures. 

11*33 

C 


=air constant. 

. . 

c = 

—Cifi c 

= coefficient of efflux, or delivery. 

11*46 

Cv 


= „ of velocity. 

. . 

C c 


— „ of contraction. 

•• 

D 


= diameter. 

11*24 

f(n)< 

„ f tyy (»- 

1) / 2 \2/(n- 1) 


\r- 1 (»+i> M»+i)/ 

11 29 

/(», y) 

= . ?SL(— 

! \2/(n— 1)^ 


\ y+i \y+W 

11*62 

/K n) 

_? + i(°V + n+i (°y. 

~n^2\n/ ^ 6 \nJ 

.. 

9 

=32-2, (9 81) 

ass acceleration due to gravity. 

11*05 

H 

=u a /2r) 

—head of fluid. 

11*08 

I 

=U+Pv 

—total heat, or heat content of fluid. 

11*02 

J 

=1/A 

= multiplier to bring heat units to work units. 

, , 

L 


= length of orifice. 

. , 

M 


s= quantity of fluid delivered per second. 


n 


—index of poly tropic expansion. 

11*21 

n' 


— ratio of throat critical pressure to initial pressure. 

. . 

?,P 


=■ pressures. w 

. . 

Po 


= atmospheric pressure. 

. , 

Pi 


—initial pressure. 

. . 

P 2 


— throat pressure. 

. . 

Ps 


= pressure after throttling or outside orifice. 

11*51 

V* 


— final available pressure. 

, , 

9 


—-heat added to fluid. 

. . 

St 


—section of orifice or nozzle. 


S 2 


~ ,, ,, at throat. 

. . 

T 


— absolute temperature. 

. . 

' u 


= internal energy =Pi>/(y — 1) for simple gases. 

. . 

u 


== velocity. 

. . 

u s = 

=(ffyPt))t 

— „ of sound in air at P, v. 

, . 

V 


= volume. 

11*59 

y 


=l/(l-a)<»-W w 

11*01 

z 


= height of fluid abovo datum line. 

11*01 

Z 


=work done in friction. 

. . 

P 


-a/s,- 

. . 

y 


= index for adiabatic expansion. 

. . 

V 


—viscosity. 

ll*38a 

i 


= proportion of work lost in friction. 

, . 

a 


—surface tension. 

. . 

<P = 


—ratio of pressures. 

11*67 

/ 

<P 


-/(?>. fi)- 

11*67 

n 


= coefficient of discharge. 




CHAPTER XII. 


AIR FRICTION ON MOVING SURFACES. 

Impact pressure on flat surfaces, P— K?/ a — Variation of pressure due to density — Values 
of K — Impact pressure on inclined surfaces — Pressure on bullots — Friction on 
rotating discs and on fiat boards. 

This subject is only partially dealt with, because to treat of it fully 
would require a whole volume ; but the subject is of interest in connection 
with the use of anemometers and vanes for measuring wind-pressures and 
the flow of air. 

In division C is given a method of determining the friction of air moving 
in pipes, from experiments made upon the friction of air on rotating discs, 
the plane of rotation being the plane of the disc and the axis of rotation 
being perpendicular to the plane of the disc: then all the friction is sliding 
surface friction. This latter problem is unlike the one concerned with 
the pressure of air currents upon planes placed at right angles to the 
flow of air. 

A. Pressure on flat surfaces. 

In the case of surfaces placed at right angles to the air flow the intensity 
of pressure depends upon the density and velocity of the air, and is usually 
expressed by a formula, 

P = Ku 2 (1201) 

P being in kg/m 2 or in lb/ft 2 ; u being in metres or ft/sec, or kilometres or 
miles per hour. 

Ordinarily no mention is made of the density, which accounts for some 
of the variations in the value given by various authorities to the constant 
K. The resultant pressure upon a surface S is PS, which is some multiple 
of mu 2 , viz., 

P=0mw 2 /(2#) = (0m/(2#)u 2 = Ku 2 . . . (12*02) 

0 varies from 1 to 3 ; and K may depend upon the size of the plane and 
its thickness ; the thickness may affect P, because the total pressure P 
depends upon the positive pressure at the front and a negative pressure 
or suction which exists at the back of the plane. Values of K are given 
in Table 12*1, these being for thin planes. K would be lower in value when 
no suction exists, as, for instance, in the case of the wall of a house ; K 
would have its ordinary value in the case of a wall standing in an open 
field, as the suction pressure would exist in that case. 

221 
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Stanton (Nat. Phys. Lab. Res ., 5/169/1909) found that the intensity of 
wind-pressure on large plates was slightly greater than on small plates, 
because of the greater suction effect existing with large plates ; in his 
tests, P for large plates = 1*11 P for small plates, the positive pressure 
being \mv? in either case. The formula for pressure P holds for plane 
surfaces moving perpendicular to still air at a velocity u , as well as for the 
pressure of moving air on fixed surfaces. 

The variation in K which might arise because of the variation in density 
will lie between —11 per cent, and +16 per cent. : suppose that the air 
is at 60° F. and at 14-7 lb/in 2 when the value of the constant is obtained. 
But the pressure may fall to 13-8 lb/in 2 or rise to 15-1 lb/in 2 , and the tem- 
perature may vary from 32° to 90° F. ; the density would then vary. 

m(0-94~l-03)(0-948~ 1-13)= m(0-891 -1*16) . . (12*03) 

These are, of course, maximum variations ; ordinarily the density will be 
nearly the normal ; but the fact of the possibility of variation in density 
should be remembered when using K. 


Table 12*1. — Pressure of Moving Air on Plane Surfaces. 


Pressure =Kw. 2 . The table gives values of 1000 K, which give pressures in (1) lb/ft 2 , 
(2) kg/metre 2 , when the velocity is given in miles/hr, ft/sec, km/hr, metre/sec. 


Pressures will be in 

lb/ft 2 . 

kg/metre 2 . 

Velocity being given in 

miles/hr. 


ft/sec. 

km/hr. 

inetre/sec. 

Conversion factors 

K = A. 

K 

= 0*465 A. 

K = 1-9A. 

K = 24-4 A. 

Stanton, p. 94 . 

270 


1-26 

5*12 

65'8 

,, Froude (carriage) . 

3-66 



6-95 

89-3 

,, Dines (whirling table) . 

2-80 



5 '50 

70-6 

,, Langley (whirling table) 

3*26 



6-20 

79-6 

,, Langley 

Shaw, p. 91, quoting Dines 
,, Stephenson 

3-90 



7 40 

950 

300 


1-40 

570 

732 

5-00 


2 32 

9-50 

1220 

Kempe (p. 771) . 

f 2*86 
\ 3-27 


1-33 

1-52 

5'43 

6*20 

69 6 

80 0 

Krell, Proc. I.G.E. , 139/446 

3*50 


1-63 

6*70 

85'5 

Grashof (Hutte, p. 386) 

5*00 


2*32 

9-50 

122*0 

Stanton, plate 25 ft. 2 . 

3*20 





,, >> 60 ,, . . 

3*18 





„ „ 100 „ . 

322 





Thurston, round wires . 

/ 2*55 
\ 2*80 






Box (p. 288) quotes Hutton as giving, P x — P 2 = -001 487 m 2 * 04 . Grashof’s 
value is for thin plates less than 3 sq. ft. ; Dines’ is for 1 sq. ft. plates. Lofsl 
(Hiitte, p. 386) found that K was independent of the area of the plate. 
The Beaufort international scale of wind-pressure is based upon Grashof’s 
values. The references are given in the chapter. 

Further valuable information on this question is given in Matthews’ 
Aviation Pocket Book , published by Crosby Lockwood. 

Johns ( Engineering , 91/299/1911) has given a table of 51 values of K 
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for square, rectangular, and circular plates, compiled from Various sources 
(unfortunately, the original references are not given), and criticises the 
values fully. Evidently the value 0-003 is quite a reasonable one to use 
generally. 

B. Pressure on inclined surfaces. 

Thurston (Aero. Jour., 14/152/1910) treats of this subject and gives 
photos showing the flow round about the edges of inclined planes. Zenneck 
(Ver. Deut. Phys. Ges., 16/695/1914) describes apparatus for photographing 
the eddies in water impinging upon plates and rods, and gives photos of 
such eddying motion. 

Thurston (Aero. Jour., 16/116/1912) tested the resistance offered to the 
flow of air by bars of various sections — round, diamond-shaped, egg-shaped, 
elliptical, etc. All the bars were | in. wide — that is, their diametral plane 
at right angles to the flow of air was j; in. wide : the length of the bars 
was either 12, 18, or 30 inches. The resistance offered was, 

P(lb.) = KL* (m.p.h.) 2 — 0-0073J (m.p.h.) 2 . . (12 04) 

L=lcngth of bar in feet; £=width in inches. 

K= (-00441 ~-00100), depending upon the section of the bar. 

For bars of stream-line section, when the pointed end of the bar faced 
the air current the resistance was less than when the blunt end of the bar 
faced the current (p. 123) : this is not the ordinarily accepted idea. On 
p. 176 of the same volume are given formula for the pressure of air on 
round wires : 

P =263 KLDu 2 (metric units) . . . • . (12*05) 

= KLD (m.p.h.) 2 (Eng.) (12*06) 

K =0-00535, 0-00339, 0-00268, 0-00261 when 
d =0-014, 0-0475, 0-1020, 0-610 

For large wires, where d=0-10 to 1-75 in., K=0-00255 to 0-00280 : the 
shielding effect of wires is dealt with on p. 184 of the same volume. The 
above formula can be compared with that mentioned by Hiitte (p. 387) 
for the pressure on cylindrical surfaces. 

P=0-667 DLKw 2 , K is given in Table 12*1 . (12*07) 

or P=0-785 DLKw 2 (12*08) 

according as to whether the pressure upon inclined surfaces depends upon 
the sin of the angle or upon the square of the sin of the angle between the 
plane and the air current. These formulae do not agree well with one 
another. 

Shakespear (Phil. Mag., 28/728/1914) deals with the resistance offered 
by air to falling spheres. The experiments were made at Birmingham 
with celluloid spheres filled with shot ; the spheres were dropped from the 
top of a tower, and the time for falling certain distances was noted. Three 
sets of tests were made : — 

(i.) To find the relation between the air resistance and the velocity for 
a sphere 3-70 cm in diameter falling at velocities up to 1-3 
metres per second. 
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(ii.) To finfi. the relation between the diameters and masses of the 
spheres which fell at the same velocities. 

(iii.) To find the relation between the air resistant*, c and the velocity 
when the diameter of the spheres varied between 2 and 7 cm, but 
the velocity was constant and equal to 1030 cm/sec. 

He found that for a 3*70-cm sphere, 

P in dynes =0*000277 Sm 2 4-216, 8 in cm, u cm/sec . (12*09) 

Pin lb =0*0537(10)- 6 Stt 2 -f 0*000485, Eng. . . (12*10) 

Pin kg =(0*0282) Sw 2 + 0*000220, metric . . (12*11) 

This should be compared with a formula given by Hutte, p. 388, 

P=0*33K8w 2 , K=0*08 to 0*12 . . . (12*12) 

= (0*0264 —0*0396) S u 2 . 

Shakespear also found that P increased with S and u ; and that K had 
a value about equal to ^th the density of the spheres, while the diameter 
varied from 2 to 7 cm, and the velocity from 0*5 to 20 metres per second. 

Hall (Proc. Amer. Acad. Art and Sci., 45/380/1910) let a bronze ball 
1 in. diameter fall a distance of 2285 cm in 2*176 seconds, and deduced 
that the skin friction £=0*00154 dyne/cm 2 where the accelerating force= 
mg—kv 2 . 

Chatley ( Nature , 86/60/1911) discusses the skin friction on dirigible 
airships, and quotes values of / (in lb-ft units) obtained by previous 
investigators, as varying from (10 to 17)10 -6 . 

Zahm (Phil. Mag., 1/530/1901) measured the resistance of the air to 
spherical bullets 3*985 in. diameter, travelling at velocities 200 to 1000 ft/sec, 
and found that it could be put, 

F=0*000008u 2 +0*000000049m 3 . . . (12*13) 

7F = $m(u 1 a — w 2 2 ), Mj and u 2 being the average velocities in the first and 
second 7 ft. respectively. The velocities were measured by noting the times 
from t — 0 at which the bullets cut through three beams of light placed 7 ft. 
apart ; the beams were reflected by mirrors on to a sensitised moving photo- 
graphic plate, and the points of time when the bullet passed the beams 
were visible by a discontinuity in each of the three lines formed on the 
plate by the beams. The equation does not seem to agree altogether well 
with that of Shakespear, but then the velocities were very high. 

Emden (Ann. der Physik, 69/454/1899) states that the resistance of 
air to the movement of bullets at high velocities is, 

Y=XtnSu % f(u) .... (12*14) 

where f(u) has a value 0*14 while the velocity is relatively low, and that it 
suddenly increases as the velocity approaches that of sound, until it attains 
a value 0*39 when the velocity is equal to that of sound. For higher 
velocities f(u) remains at 0*39. 

C. Friction on discs. 

Odell ( Engineering , 77/33/1904) describes tests made upon the power 
required to rotate discs in air. Paper discs 15, 22, 27, 48 in. in diameter 
were used ; for a disc with diameter d , 
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Torque varied as (cu) 2 * 5 . . . (12*15) 

Power „ „ (o>) 3 ’ 5 . . . (12*16) 


but the law broke down at a critical speed of 18000/d. For a fixed speed, 
to, but with diameter varying, the torque was such, 

Torque varied as (d) 5 ~ 6 .... (12*17) 


which Odell explains thus : air flows to the centre of the disc and out 
towards the edge, and the loss of kinetic energy in friction per lb. of air is 


, where L is the mean length of path which the air has to travel. Odell 


kLu 2 

says that both L and fi will be proportional to the radius of the disc, so that 
the loss of kinetic energy will vary as ku 2 /(2g). Further, the quantity of 
air set in motion will be k'ur 2 , and the total work done will be therefore 
kk'ifir 2 — kk'aj 3 r b , so that the power would vary as d 5 for a constant speed. 

This question of disc friction can be dealt with in another way. A disc 
moving at a velocity u in still air will experience a retarding force on both 
surfaces : assuming that unit area of surface moving at unit velocity in 
atmospheric air experiences a retarding force k , or assuming that to move 
atmospheric air over unit surface of an infinite plane at unit velocity re- 

? uires a force k ; already from Eq. 2*646 we know that k=ni 0 ! > /(2g) i where 
is the coefficient of friction in the pipe. Now £ varies with the contiguity 
of other surfaces ; k will also depend upon whether the surface has other 
surfaces near it or not. For a disc rotating in still air we hqve, 


Force =ku 2 per sq. ft (12*18) 

Torque = k! k Jr 3 m 2 (27rr dr) — k'ko} 2 2^^ dr . . (12*19) 

Power = oj torque — k'kw 3 27rr 5 /5 . . . (12*20) 


k varies with the existence of other surfaces near the rotating disc, so that 
two discs near together should experience more resistance to motion than 
the same two discs placed far apart, because each disc sets up its own eddies, 
and the two sets of eddies resist each other. If a series of discs were placed 
on a shaft and the whole series were rotated, and if fixed discs were placed 
between each of the rotating ones, by altering the number of the discs we 
should get a good measure of the friction and should be able to find the 
value of k. If this arrangement is air-tight, so that the pressure of the air 
in which the vanes rotate can be varied, we could get the value of k for 
various pressures : it should vary nearly as the pressure. The value of 
k found for a single disc rotating in free air should coincide with the value 
for k as deduced from £ for pipes of large diameter, about 0*003. 

Though k is a very small quantity, it has been directly measured ; for 
atmospheric air, 

]fc=0*0764(0*003)/64*4=3*56(10)'~ 6 approximately. 

Direct measurement involves placing a very thin long plane of large 
surface in a uniform current of air, and noting the force tending to displace 
it along its length : allowance has to be made for the effect of the impact 
of the air upon the edge facing the current of air. Such experiments have 
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been carried oftt by Zahm {Phil. Mag., 8/58/1904). He used flat wooden 
plates 1 in. thick, 25 £ in. deep, and from 2 to 16 ft. long ; special hemi- 
spherical ends were attached to the ends, and the effect of the ends alone 
was also determined and deducted from the total friction. The skin friction 
F was found to be, 

F—au 1 ' 85 , when u varied from 5 to 40 ft/sec, and 
F= -000524, £= -00288, for 2-ft. board, w=10 ft/sec. 

•000500 -00276 „ 4 „ 

•000475 -00262 „ 8 „ 

•000467 -00258 „ 12 „ 

•000457 -00252 „ 16 „ 

FromEq. 2*30, 2*64 we get ? ==r ““(](p-8',) ==5,5 ^ • (12*21) 

The above values show that F or £ varies with L, as L' 07 , 

Finally, the force of skin friction on a plane 1 ft wide becomes, 

F = 0-00000778 L* 93 w 1,85 . . . . (12*22) 

Zahm covered the planes with varnish, cambric, zinc, rough drawing- 
paper, but found that F remained constant ; but when fine w r ire gauze was 
placed against the wood lie found that F varied as u 2 ' 05 . This agrees with 
other experimenters, where, 

F for smooth surfaces varies as w 1 * 85 
, F „ rough „ „ 

Lord Rayleigh (Phil. Mag., 8/66/1904) adds a note to Zahm’s paper, 
concerning the laws which hold if the principle of dynamical similarity 
holds. Suppose the tangential frictional force or skin friction is F, this 
will be such that, 

F=inu 2 f(Lu/v) .... (12*23) 

where L is a linear dimension of the solid body, 
v is the kinematical viscosity. 

If now F is independent of i/,then the function of (Lu/v) must be constant, 

and F x wiw 2 (12*24) 

but if the function of (Lu/v) is not constant, then 

F oc mu 2 f(Lu/v) .... (12*25) 

Even in this latter case, if L varies inversely as u, then 

F oc mu 2 (12*26) 

Or, again, if the fluid is such that vocu, then F oc mu 2 . 

Lees (Proc, Roy . Soc., 92a/144/1915) gives a mathematical discussion 
upon the resistance of elongated bodies flowing in viscous fluids. He 
states that the resistance per unit area of a flat lamina of width 2D and of 
contour 4D — that is, a lamina of infinitely small thickness — is equal to 
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that of a circular rod of diameter D and contour 7rD. If th^ skin resistance 
of turbulent flow follows the same laws as when the flow follows stream-lines, 
then the resistance of a lamina of depth 2D as measured by Zahm would 
equal that of circular rods of diameter D. 

Lees states that the resistance per unit area for circular pipes is 877U/D, 
for stream-line flow, where rj is the viscosity : this would give the resistance 
per unit length, 

wD 877XJ/D =877*77X1 .... (12-27) 

The velocity of flow would then vary inversely as the length and would be 
independent of the pressure as long as the difference of pressure between 
the ends was kept constant. 

Rayleigh (Phil. Mag., 21/698/1911) discusses the mathematical laws of 
solid bodies moving in viscous fluids : he states that for very thin laminae, 
breadth b , moving at velocity u , Lan Chester gives the force per unit 
length as, 

Y=cmi#Lbii?l 2 .... (12‘28) 

Rayleigh shows that c =2/(77)* if v is small enough. 

Pannetti (Accad. Sci. Torino , Atti , 50/483/1915) and F. Burzio (ibid., 
50/697/1915) (Science Abs ., 19a/3/1916) determined the coefficient of air 
resistance for rectangular vanes rotated in air with the current blowing 
perpendicularly to the face of the vane : they found that the coefficient 
of resistance was, 

K=0-305j“~^+0-0806 . .• . (12*29) 

9 

where a is the distance of the outer edge of the plate from the axis, 
b ,, ,, ,, inner ,, ,, ,, ,, 

Frank ( Z.V.D.I. , 52/1522/1908) gives a report upon the resistance 
offered by air to a pendulum made of flat lead plates, whose planes were 
parallel to the direction of motion of the pendulum. The lead plates were 
300 mm deep by 500 mm long : the thickness was such that the end surface 
at right angles to the air currents was constant, that is, (thickness) * (number 
of plates) was a constant. Tho distance between the plates was varied 
from 0 to 3, 6, 9, 12 mm, and the relation between the frictional force of 
the air on the moving plates, Jc, and the distance between them, /?, was 
found to be, 

when P> 0-0121 metres, &=0-00244/j8 . . . (12*30) 

„ j8 <0*0121 „ £= 0-575 -44j8-f-1084/J 2 . 

Unfortunately, the author is unable to trace the connection between the 
value of h and Taylor’s /, or £, as the units with which k is associated are 
unknown. 

Rice (6.E. Rev., 28/336/1925) tested the watts lost in rotating discs in air, 
carbon dioxide, hydrogen, and in air at a pressure of 5-2 cm Hg, at which the 
density is the same as that of hydrogen. He found : Watts lost =KSmw 8 10~ 7 . 
For air at 25° C. K=-005, m=*00118gm/cm 3 ; S is the area in metres 2 , u is in 
m/sec. Thus, for air at 25° C. kW=5*98w 3 10“ 6 . The windage loss for a 4-pole, 
31250 kVA machine running at 1800 r.p.m. for 13200V became 113 kW ; 
the fan needed 99 kW ; in hydrogen it would only have needed 32 kW. 
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Heinrich ( E.T.Z. , 41/152/1920) tested air friction on discs from 300 to 
700 mm diameter and *5 mm thick, driven by an electric motor at 400 to 
2800 (=n) r.p.m. The results showed that the watts lost, W, =fcn 3 10“ 6 = 
0-2D B n 3 10- 6 . 

If then W== -00215 ?* 3 D 2 , kW=2-74Sw 3 10" e . 

Wieselberger (Phys. Zcil ., 22/321/1921) in discussing the resistance of 
bodies to air flow, where Force— cS(iwm 2 ), states that c will only be con- 
stant when uT>/v (=X) is the same for the various bodies. For flat, circular 
discs, c was 1-1 for many values of X, but cylinders showed c a variable 
as X varied. The force increased as u went from 9 up to 15 m/sec, and 
then decreased to where u— 20 m/sec, then increasing again. 

Wieselberger (Phys. Zeit 23/219/1922), testing six cylinders of from 
4 to 300 mm diameter, with the length always 5D, and u=- 1*55 35-5 m/sec, 
found c— 0-78-0-79 with X=10 4 to JO 5 , whereas for a cylinder of infinite 
length, c— 1-2 for same range of X. He then took eight cylinders, keeping 
D fixed and altering the length, so, that D/L went from 0 to 1-0 with 
X— 80,000; he found c varied as follows : — 

c — 1-2 1-0 0-8 0-7 0-62 

D/L = 0 0-05 0-1 0-5 1-0 

For spheres of 8 to 282-5 mm diameter and X— 50,000 to 100,000, c=0-5, 
but with very small values of X, c==24/X. For discs with sharp edges and 
ratio of thickness to diameter =1/100, and X from 3600 to 962,000, c=l-l. 

Gibson (Phil. May., 45/229/1923), in order to find the best relationship 
between jets issuing into hemispherical cups, tested the effect of water 
impinging unon eleven different cups varying in diameter from 0-25 in. 
up to 1 in., and also determined the effect of water falling upon impact 
tubes. The velocities varied from i 2 to 60 ft/sec. Taking A as the area of a 
cup and a as the area of the jet, the greatest impact force was found to 
occur when A/a— 3-6 to 4-0, and then the force— k(2mau 2 lg), with 0-93 ; 
h decreased to 0-90 as the ratio A/a went up to 25. 

Nisi (Phil. May., 46/754/1923) discusses the eddies in air caused by 
obstacles. Ackeret ( Z.V.D.l. , 70/1153/1926) does the same in connection 
with the Flettner ship with revolving masts. 

Taylor (Proc. Roy. Soc ., 120/260/1928) discusses flow round bodies 
placed in converging and diverging orifices and the positions which would 
be taken up by bodies in a curved pipe in which fluid is moving. 

The flow in vortices is shown photographically by Camichel (R.G.E., 
6/707/1919) ; he illuminated fine particles introduced into the gas by 
electric sparks. 

Fage (Phil. Trans., 225/303/1915) determines the vortices behind 
aeroplane wings by the Pitot tube and hot-wire anemometer methods. 

Taylor (Proc. Roy . Soc., 121/194/1928) determines the flow of a com- 
pressible fluid round a body by means of an electric model, the equations for 
flow and for electric potential being analogous. Lines of equal electric 
potential are lines of equal velocity potential ; also lines of electric current 
and stream lines correspond in the fluid. The electric potential was in- 
vestigated in a bath of copper sulphate solution, the depth of which at any 
point was proportional to the density of the fluid ; the bath formed a 
conducting sheet of variable thickness, 
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CHAPTER XII.— SYMBOLS USED. 


Equation. 

Symbol 

Meaning. 

12*29 

a 

—a constant. 

12*29 

b 

= 

1205 

D 

=tliameter of bar. 

. . 

d 

= »» >> 

1221 

F 

= force of friction in lb/ft 2 . 

1202 

9 

= gravitational constant. 

12*20 

k' 

=a coefficient. 

1218 

k 

" M 

1201 

K 

5=8 »> 

1205 

L 

= length of bar or plane disc. 

1202 

m 

== density of air. 

1201 

P 

= intensity of pressure on surfaces. 

1219 

r 

= radius of disc. 

1209 

S 

=area of diametral plane of sphere. 

1204 

t 

= thickness of bar. 

1201 

u 

= velocity of air current. 

1221 

c 

= coefficient of friction. 

1227 

V 

=' viscosity. 

1217 

p 

= hydraulic mean depth. 

12*23 

V 

=kinematical viscosity. 

12*02 

V> 

=a coefficient. 

12*15 

CO 

= angular velocity of disc. 
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Befort ( Zeib.fur Phys ., 36/374/1926) describes tests uporfthe number of 
revolutions round a diameter made by discs placed in a current of air flow- 
ing at right angles to the planes of the discs. The velocity of the air was 
from 4 to 10 m/s. To measure velocities he used a Prandtl Pitot tube and 
a Berio witz micromanometer. The velocity of the air over a central area 
of 8 cm. diameter in a tube 20 cm. diameter was constant. Now putting u 
as the air velocity in m/s, and x as the number of revolutions of the disc 
per second, Befort found : 

For a round disc, 7*0 cm in diameter, X=l-16+1*3 u 
„ „ „ 5-1 „ „ X=0*55+l*3w. 

For plates 7 cm by 24 cm long, for various values of u , X/u= 2*32, 2*26, 2*28, 
2*22, 2*27, and for a plate 5 cm by 24 cm long, X/u= 2*03, 2*20, 2*25, 2*23, 
2*28. He then deals with whirls produced round the discs and shows that 
the relation of the number of whirls to the revolutions followed definite 
laws. The similar question of whirls set up by discs falling in a viscous 
medium is dealt with by Schmiedel (. Phys . Zeit., 29/593/1928). 
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CHAPTER XIII. 


GENERAL DESCRIPTION OP PNEUMATIC TUBES. 

Merits of big versus small tubes — Relative amounts of energy required and cost of working 
— Types and amount of leakage in systems — Purposes for which tubes are used — 
Carriers — Radiating versus loop systems — Cost of power for tubes — Faults in 
tubes — References to information. 

A. Merits of big and small tubes. 

When one is asked to provide a tube between two points or offices, the 
question as to its diameter at once arises. The pressure of air necessary, 
quantity of air to be circulated, and the capacity of the tube for taking 
message traffic all are involved in the question of tube diameter. 

The type of message form to be inserted in the carrier may be such as 
to determine at once the tube diameter ; but, assuming that it does not — 
as, for instance, telegraph forms which can be put in carriers for tubes of 
1 J in. diameter and upwards, — we could use, say, a 2-in. tube having carriers 
taking 30 forms each, or a 3-in. tube having carriers taking 70 forms each. 
The 3-in. tube would give greater capacity and greater speed at a greater 
cost than the 2-in. tube. The first comparison will now be made for 2-in., 
3-in., 4-in. tubes, to see how (i.) speed, (ii.) quantities of air circulated, vary 
for such tubes. It is useless to treat of the capacity for message forms, 
because this depends entirely on what sort of forms are being used. As 
regards speed and quantities, see fig. 4*6 ; the upper chart shows the relative 
transit times for various pressures. For the moment we are only concerned 
with the comparison of times for any particular pressure, say 8 lb/in 2 , giving 
relative transit time T' = 28, 35, 46, for 4-in., 3-in., 2-in. tubes. 

The actual time of transit depends upon the length of the tube. If we 
use a 4-in. tube we get many more messages in each carrier, and can send 
carriers more often, say every 30 instead of 46 seconds in a busy period of 
the day, than if we used a 2-in. tube. 

But now look at the size of the pumps and pipework which would be 
necessary for the 4-in. tube : the relative amounts will be 25,000 cu. ft. and 
5000 cu. ft., a very considerable difference. 

It is better to compare the quantities, having fixed upon a definite transit 
time and having decided to vary the pressure so as to give the definite 
speed. Taking a transit time of 50, we see from the upper chart of fig. 4*6 
that the necessary pressures would be 2-3, 3-6, 6-4, in 4-in., 3-in., 2-in. tubes; 
from the lower chart we see that the quantities would be as 11,000, 6000, 
4000. This shows clearly that the larger-sized tubes do not take so very 

228 



GENERAL DESCRIPTION OF PNEUMATIC TUBES. 


229 


much more air if the pressure can he reduced to just the Amount which is 
necessary to give the proper speed. 

If only one tube is under consideration, the plant to give the larger 
quantity of air at low pressure may be cheaper than the plant to give the 
smaller quantity of air at the high pressure. 

The values in fig. 4*6 have been obtained from : 

Transit time = M<f>) • • (13 01) 

(4£/D)» is in Table 21 ; U<f>) is in fig. 52. 

The cu. ft. of free air per min. = 60 Q 

=(13-1)60 (D")^(P 1 2 —P 2 2 )V(CTL)I . . . (13*02) 

D" is in Table 2*1 ; (P^-P,, 2 )* is in fig. 4*3. 


The second comparison will now be made : this concerns work done on 
the air for the various sized tubes. 

This comparison cannot be made fully until it is known whether a definite 
speed or a definite pressure is the basis. For any particular tube the work 
factor depends upon (i.) how many lb. of air are used at any pressure ; (ii.) 
how much work is necessary to compress or rarefy each lb. of air to the 
relative pressure. The variable portion of (i.) due to pressure is represented 
by /x(^), and is given in fig. 4*1 ; the work of compression or rarefaction, W, 
is given in fig. 4*8; the multiplication of these, = W/ 1 (<£) = work factor, is 
given in fig. 4*7. This shows how the work factor varies with the pressure 
of working for a given tube, and is not to be confused with Wj the work per 
lb. of air. The factor shown in fig. 4*7 has to be multiplied by a dimension 
factor when the complete amount of work done for various sized tubes is 
being considered. This amount of work is, 

d "'(§I5I w -(Ct'l‘)' WAW • ■ ' <13 ' 03 ’ 

For D", see Table 2*1 ; for W/ x (^), see fig. 4*7. 

I have made the comparison for l|-in., 2J-in., 3-in. tubes 3000, 6000, 
9000 ft. long, converting the ft.-lb. into electrical units or kw-hr. used per 
hour : these figures give the approximate number of units consumed per 
hour in working the tubes continuously at either 10 lb/in 2 pressure or 
8 lb/in 2 vacuum. The figures in brackets are for vacuum working. 


Diam. 
cm. in. 

L= 3000 

6000 

9000 ft. 

3-8 

4 

1-88 (1-36) 

1-4 (1-0) 

1-1 (0-84) 

5-7 

2i 

5-20 (4-00) 

3-7 (2-9) 

3-0 (2-30) 

7-6 

3 

12-30 (9-50) 

8-8 (6-8) 

7-1 (5-50) 


These figures are obtained from Eq. 4*13. 

D"*P 0 3600 1 




W'D"* 


(CTL)t 2650000 /% L* 


(•002263) 


( 1304 ) 


W is the isothermal work of compression from p 0 to Pi, or p t to p 0 . 
W f 1 (<j>)=W depends on P, and is given in fig. 4’7. 
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/% is the overall efficiency of the pump, and is taken as 60 per cent. 

3600 brings sec. to hours ; 2650000 brings kw-hr. to ft.-lb. 

D"P 0 /(CT)* for lj-in., 2£-in., 3-in. tubes = 1-600, 5-21, 11-45 when using 
the values of £ given in Table 2*1. 

The probable cost for electrical power used in working tubes can be 
determined readily from Eq. 13 04 : the relative costs for small and big 
tubes should probably be reduced as mentioned previously, because a lower 
pressure would be used with the largeT tubes. The table also shows how 
working by vacuum is less costly than working by pressure. 


B. Leaks in systems. 

Leakage from systems will vary somewhat as the flow from orifices, 
for leaks are simply orifices of very small dimensions : so when the pressure 
of the system P x exceeds 2P 0 , the leakage will vary approximately as P x 
for systems of the same make and tightness of joints (see Eq. 11*34, etc.). 
For ventilation work, where the pressure is only a few inches above atmo- 
spheric, the leakage will vary as [Pi(Pi—po )¥ ; as p x =p Q approx., the leakage 
would vary as h ", where h" is the mean water gauge in the system. As each 
joint in any system will be liable to leak all round the joint, it is reasonable 
to expect the leakage to increase with the diameter of the pipes used, so 
that finally we find, 

Leakage = aPjD, if P 2 exceeds 2P 0 

4 =b{h'')l D, if P x is nearly P 0 

-4(Pi-P 0 )PJ®, if P 1 >P 0 <2P 0 , 

where a , 6, c are constants. 

Unwin (Trans. Inst. Gas Engr., — /202/1904) states that in general 
leakage from bad joints will vary as D(^p)K 

For compressed-air systems, where, owing to the high pressure, the 
leakage may be well worth taking into account, there are three types of 
leakage to be considered : — 

(i.) Leakage from containers and reservoirs. 

(ii.) „ „ pipes and distributing systems. 

(iii.) „ „ apparatus, drills, hammers, etc. 

Leaks of the first type should not be allowed to remain for a long time, as 
there is no great difficulty in getting reservoirs air-tight. 

Leaks on the mains must always exist, because one can never have all 
the joints air-tight : the quantity of leakage from mains will ordinarily have 
no relation to the quantity of air transmitted, but only to the extent of the 
distributing system and its mean pressure. 

Leaks on apparatus always exist, as the moving parts and valves are 
bound to get loose in handling, and it is not worth repairing tools continually. 

In any investigation upon leakage the different types of leaks should 
be kept separate, because — 

(i.) should be nil. 

(ii.) should vary as LD. 

(iii.) should vary as n(Ap), where n is the number of each type of tool, 
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and A p is the leakage from each tool of that type over th8 whole day. If 
now the tools are in continuous use, this leakage will be proportional to the 
load on the system ; and one could add to the amount of air consumed 
by each tool when in use the amount of the leakage, which exists even when 
it is not in use. 

Whereas in electrical systems the leakage is watched carefully and 
observed on delicate electrical instruments, the leakage from air systems 
is not observed to anything like the same extent ; chiefly, no doubt, because 
the instruments for air are not fully developed yet, and because the air 
leakage does no harm to any of the neighbouring property, while electrical 
leakage may cause serious damage to such property. 

The leakage into vacuum systems is naturally much less than leakage 
from pressure systems, because the holes become filled up with dirt and 
dust from the atmosphere, so the entry of air from outside is checked. 

Tests made on street tubes in London in 1913, to determine the amount 
of leakage from pneumatic tubes, gave the following results : — 9 tubes 
worked continuously by pressure gave leakage 4*65 lb/min ; 21 tubes 
worked continuously by vacuum gave a leakage 3-60 lb/min ; 6 tubes 
worked both ways intermittently gave leakage at the rate 1*48 lb/min ; 
6 similar tubes with very old apparatus gave a leakage 5*40 lb/min. This 
leakage included the air lost from the terminal apparatus and from any 
leaks in the lead tube, which occur mostly at bad joints or from old joints 
which have become broken through age ; the greater part was undoubtedly 
from the apparatus. The plant working the tubes was dealing with about 
120 lb. of air per min., so that the leakage load was from 3 per cent, to 5 per 
cent, of the total. • 

The amount of air lost in terminal apparatus by means of which carriers 
are inserted in and abstracted from 2£-in. tubes may be expected to be about 
0-10 to 0*20 lb/min when the tubes are worked at 10 lb/in 2 pressure, and 
from 0-03 to 0*15 lb/min when worked by 7 lb/in 2 vacuum. These values 
are a very roiigh guide as to what may be expected when the apparatus is 
kept in reasonable repair. 


C. Notes on pneumatic tubes. 

Pneumatic tubes are used to transmit (a) parcels, (b) letters, (c) telegrams, 
(eZ) cash and bills, (e) messages, notes, dockets. By far the greater number 
of tubes in use, however, are for the uses (c), (d), (e). 

The material of which the tubes are made may be steel, wrought iron, 
lead, brass, or copper. The tubes of the British Post Office laid in streets 
are of lead laid in cast-iron pipes. On the Continent it seems that iron is 
more usually employed. To reduce air friction and to prevent the carriers 
from sticking the tubes have to be made very smooth ; for this reason 
steel, which rusts easily, is not so suitable as brass or lead, though these latter 
metals are more expensive : for small-sized tubes, where the cost of installa- 
tion is large compared with the cost of the material, the use of brass is 
economical. 

Carriers for the reception of messages, cash, or dockets consist of tubular 
receptacles of less diameter than the tube : the body of the carrier is made 
of leather, fibre, aluminium, iron, steel, or gutta-percha covered with felt ; 
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one end is always closed, the other end is sometimes left open. A common 
method of closing the open end consists in having an elastic tape or leather 
band across it, which is moved to one side when messages are being inserted : 
the band covers the end while the carrier is in the tube, thus preventing 
the messages or dockets from dropping out during transit : in practice, 
however, messages do sometimes fall out even though the band is apparently 
placed across the open end. 

The manufacture and production of carriers which will endure the hard 
usage they receive is no easy matter. Carriers (i.) travel at velocities up 
to 40 miles per hour ; (ii.) they travel in tubes which are liable to be damp, 
and which are often quite wet, so that the carrier body becomes soaked 
with water ; (iii.) they are brought to a dead stop at the terminal apparatus 
when travelling at full speed ; (iv.) they are likely to be handled roughly 
when being loaded with messages. The two weakest parts are the buffer 
and the band or cap used to close the open end. 

To provide buffers which will not wear quickly, and of approximately 
the same diameter as the tube, is also difficult. In tubes in England carriers 
are sent as single units, and each carrier is provided with its own buffer to 
prevent air leaking past ; a single carrier can travel quite well. In Berlin 
and Vienna tube systems the carriers have no buffers, and a special buffer 
carrier to drive a train of from 3 to 5 message carriers is used. This special 
buffer carrier wears out much more quickly than the message carriers. 

The carriers used by the British Post Office administration are of leather 
or gutta-percha ; those used by private firms are often of fibre, brass, or 
leather. On the Continent carriers of iron and leather are used ; the iron 
tube fits tightiy into the leather tube and a closed carrier is formed. 

Carriers for holding cash must be made so that there is no chance of 
the coins falling out ; so provision must be made for totally enclosing the 
interior : one manufacturer arranges for this by making the body of an 
outer and an inner tube, in both of which are apertures. These apertures 
can be made to coincide, and money can be inserted ; then, by rotating 
the outer tube a half turn, the hole in the outer tube is brought opposite 
the solid part of the inner tube, and vice versa , so that the interior of the 
carrier becomes completely closed. 

When a system of tubes is to be installed, one of two main types of system, 
viz. the radiating system or the loop system, may be employed. In the 
loop system a train of carriers or individual carriers are sent round the 
whole loop on which are various stations, say 5 to 10 ; at each station the 
train or the carriers are stopped and the messages for that station with- 
drawn, and the other carriers of the train are sent on their journey. At 
various stations on the loop there will be engines and pumps for working 
the tube. 

With the radiating system a separate tube is taken from each out- 
station to a central station, where all the power plant working the tubes 
is concentrated : it may happen that on certain tubes two stations are 
placed and a small loop formed, but the fact of all the plant being in one 
place makes the system a radiating one. 

Tubes can also be divided into “ house ” and “ street ” tubes : the 
latter connect stations in different buildings and are laid mostly in public 
thoroughfares, while the former only connect the stations in a particular 
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building. House tubes will, therefore, be relatively short, find street tube^ 
will be relatively long. 

The power plant, or engines and pumps required to compress or rarefy 
the air for the tubes, consisting of compressors, motors, reservoirs, and the 
necessary pipework, will always be placed at the Central station in radiating 
systems, but is scattered about among various offices in the loop system. 

The factor which should decide the type of system to be adopted is 
whether the traffic is mostly for the offices in the town or for offices in other 
towns. In the latter case, as the traffic must be transmitted by other means 
than tubes to other towns, and such transmission can best be done from 
one centre, the radiating system will be the better : in the former case, 
when the traffic is mostly internal and will not necessarily need retrans- 
mission, the loop system will save time in the delivery of the majority of 
the messages. 

Instructions and information as to the working of tubes can be found 
in the British Post Office Technical Instructions, X., which also describes 
the apparatus used for introducing and ejecting carriers from the tubes. 

As regards the air work done in the tubes, this is mostly consumed in 
overcoming the air friction and not in moving the carrier along the surface 
of the tube. Some inventors suggest the use of carriers with wheels, but 
no advantage would be gained thereby. While a carrier is travelling in a 
tube the carrier friction exists over about 6 in. to 3 ft. of tube, while the 
air friction exists over the whole length of the tube, which may be from 
300 to 6000 ft. long. There is no way of avoiding the air friction : the 
only way in which it can be reduced is to use rarefied air. Th^ friction varies 
roughly as the density, so that working by vacuum with rarefiqfl air is prefer- 
able to working by pressure with compressed air. This has just been dealt 
with, but it may be emphasised that to obtain a mean speed of 30 ft/sec on 
a 2£-in. tube 6000 ft. long a pressure of 10 lb/in 2 or a vacuum of 6£ lb/in 2 
would be required, the pressure at the other end being atmospheric. 

The cost of working radiating tubes continuously while air is delivered 
at a fixed pressure is less for long tubes than for short tubes, but the speed 
of carriers varies in tubes of different length, and is much less in long tubes 
than in short tubes. The cost of working long tubes continuously is much 
greater than the cost of working short tubes if the same speed is maintained 
on them all and the pressure is varied to suit the length. 

The cost of work done on the air used in working pneumatic tubes at 
10 lb/in 2 pressure or 8 lb/in 2 vacuum per hour, if the cost of a Board of 
Trade unit (kw-hr.) is 2d., will be approximately : — 

Length of tube in feet . 3000 6000 9000 

Cost for 2£-in. tube . 10jd. (8d.) 7Jd. (6d.) 6d. (4£d.) 

Cost for 3-in. tube . 2s. (Is. 7d.) Is. 6d. (Is. 2d.) Is. 2d. (lid.) 

The figures in brackets give the cost for vacuum working. The cost is 
for the current consumed by the electric motors driving the air-pumps 
delivering the air at the requisite pressure : the cost of maintaining the 
plant is not included. 

Tubes are economical for transmitting telegraph messages, because 
relatively unskilled attendants can place the messages in carriers and send 
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them to the central offices for retransmission by wire to their destination, 
whereas only highly skilled officers could send the messages by wire to the 
central offices. Saving in labour costs can also be made by certain private 
firms which send large quantities of telegrams : if these telegrams are sent 
by messenger to the telegraph office the cost of the messenger service may 
be heavy : in such cases it may pay the firm to have a tube laid to the 
telegraph office and pay rental for the use of the tube. Such a tube will 
in any case give the firm a quicker service : whether this is of any advantage 
depends entirely upon the importance of the traffic handled. 

Regarding the question of faults which occur in tubes when carriers 
become fixed in them something may be said here. When they become 
fixed because of obstructions, dents, displaced joints, etc., they can some- 
times be removed by reversing the pressure. Suppose that the carrier has 
been travelling under pressure and strikes a large obstruction which simply 
stops it ; by turning on vacuum it can be brought back to its starting-point. 
By noting the time between the turning on of vacuum and the arrival of 
the carrier some idea is gained of where the obstruction exists. Suppose 
now that the carrier strikes a dent in the tube, but that its impetus drives 
it under the dent and it becomes wedged ; now a mere reversal of the 
pressure will fail to dislodge it, but the application of extra high pressure 
may possibly do so. If this fails, the position of the obstruction must be 
located, the street opened, and the tube cut. Such a fault is of rare occur- 
rence, because there is ordinarily nothing to cause a dent except external 
damage. The usual damage to tubes is caused by workmen digging up 
the road when laying gas pipes or electric mains, and driving their picks 
through the pipes : in one known case the man actually transfixed a carrier 
just as it was r passing the pick. These faults are easily found by sending 
someone along the route of the tube in the streets and noticing where men 
have been at work. 

Unusual obstructions are caused by pencils, papers, penknives, steel 
springs, parts of carriers, and other materials finding their way into the 
tube : these articles may take up a position so that carriers become wedged 
in the tube and a block is formed : at other times the article is driven 
forward by the carrier and delivered into the receiving apparatus. The 
position of such obstructions cannot be determined by inspection, but is 
usually located by cutting the tube at some point and inserting sweep-rods, 
which are pushed along until they touch the blocked carrier. Faults have 
been caused by electric cables going to earth on the tube and fusing the lead, 
which then formed an obstruction and stopped the carriers. Such faults can 
be located by finding where workmen are repairing the electric mains. 

For those who are anxious to find further information on this subject of 
pneumatic tubes, the following papers and reports may be of interest : — 

Post Office Engineers' J ournal : — 

2/26/1909. D. H. Kennedy gives a general description of tubes. 

4/209/1911. H. P. Brown describes the system of rectangular tubes 
for paper dockets at the Trunk Exchange, London. 

6/378/1913. A. B. Eason gives particulars of tubes worked by hand- 
pumps. 

7/189/1914. E. H. Walters describes the house- tube system in the 
Central Telegraph Office, London. 
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Institute of Post Office Engineers, printed papers : 

No. 32. “ Pneumatic Despatch Tubes ” : H. E. Kempe gives a general 
historical sketch of the subject. 

No. 36. “ Post Office Installations ” : H. 0. Fleetwood describes 
various systems in use in S.W. England and Wales. 

No. 55. “ Telegraph Traffic and Power Plant of Tubes ” : A. B. Eason 
gives the theory and reasons for various systems. 

The Technical Instructions of the various Post Office governments 
would probably also have valuable information. 

In the Electrical Review , 69/1006/1916, a general description of the 8-in. 
pneumatic tubes used in New York for the transmission of letters is given. 
The pressure used is about 10 lb/in 2 : no details as regards transit times 
and other scientific facts are given. 

Kasten describes the Berlin tube system in Archiv f. Post. Teleg., 
— /657/1911, and again in the same journal, — /177/1916. .He mentions 
other tubes in Zeit. fur Kom/p. Gas , 18/121/1916 and 19/25/1917. Gratsch 
(ArJcivf. Post. T., — /437/1914) deals with the tubes in Leipzig, and Schwaig- 
hofer deals with American tubes in E.T.Z. , 38/478/1917, and Deut. Sir. u. 
Kleinb. Zeit., 29/525/1917. Schwaighofer ( E.T.Z. , 37/317/1916) describes 
the Munich tubes, where there are four power plants located in different 
offices, of respectively 140, 35, 27, and 27 kW, and where the power to 
the house tubes is automatically switched off and on as required. Kasten 
(Dingier s Poly. Jour., 331/101/1916, and E.T.Z., 38/479/1917) describes the 
installation in the Nordstein Insurance building in Berlin. • There are 26 
stations connected by 1942 metres of 150-mm diameter tube worked at 
a pressure of 1500 mm of water. The two blowers, delivering *13-1 5 m 3 /min, 
are driven by 10-H.P. motors running at 170-200 r.p.m. to deal with 900 
carriers daily. The installation cost £1500 for tubes, £1900 for apparatus, 
£600 for machines, and £1000 for signalling and electric control apparatus ; 
switches are controlled automatically. Current costs £120 annually at 
0-16 pfennig per kWh. The carriers are 480 mm long and weigh 1*4 kg 
empty, 5*4 kg full ; their velocity is about 8 m/sec. Calkins (Jour. Elec., 
45/123/1920) describes the tube system in San Francisco, where copper 
tubes are laid in creosoted wood ducts 15 ft. in length, and are worked 
at 5 lb/in 2 pressure, the vacuum giving a carrier speed of about 40 ft/sec. 

Beckmann (E.T.Z., 42/430/1921) describes a method of working trunk 
ticket tubes in either direction using compressed air only. The com- 
pressed air is introduced into the mid-point of the tube and acts as an 
injector ; the carrier flows under the influence of vacuum to the mid- 
point and then under the influence of pressure to the other end of the 
tube. E.T.Z., 38/236/1917, describes pneumatic tubes for delivering trunk 
tickets in telephone exchanges. In the Amsterdam installation there are 
32 stations for inserting tickets into the tubes and 37 stations at which 
tickets are delivered. Two 0-25-H.P. motors supply the power. The 
tickets are of paper and are liable to stick in the tubes in a humid atmo- 
sphere ; in July one per cent, or 5 tickets per day stuck. 

Kasten (E.T.Z., 40/454/1919), discussing tube problems, mentions 
Hardegen’s anemometer for cutting off the air flow when a carrier arrives. 
The air flow increases after the carrier has been discharged, the anemometer 
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going faster, and by means of a governor making an electric contact and 
cutting off the air. 

Schwaighofer (Z. V.D.I., 63/312/1919) deals with tubes in various German, 
Bavarian, and Italian towns, and in America. In Z.V.D.I., 67/653/1923, 
he describes the apparatus for automatically discharging carriers from a 
vacuum tube at Munich. The apparatus has two chambers ; the incoming 
carrier opens a door in the first chamber by impact on arrival, and then 
falls on to a flap in a second chamber, which flap controls an air valve 
which admits air pressure to destroy the vacuum ; the weight of the carrier 
opens the flap and the carrier drops out. Switches or points like railway 
points in the tubes can be moved electrically to determine to which of two 
offices carriers shall be sent. 

Beckmann ( E.T.Z . , 47/1540/1925) emphasises the saving accruing by 
using blowers for each tube and automatically starting them when required, 
as compared with using large compressors for the whole system of tubes. 
By introducing automatic working the running cost in Munich was halved. 
Beckmann mentions that a 2-km double tube in Mannheim for 1000 carrier 
journeys daily costs 4850 marks annually. For the rectangular trunk 
exchange tubes, the tickets are folded so that the portion on which the air 
strikes is at the back of the ticket instead of being at the front, as pre- 
viously ; this appreciably reduces the friction, as the air pressure does not 
press the flat portion of the ticket against the tube. 

M'Gregor ( P.O.E.E . Jour., 19/4/1926) describes the pneumatic tube 
centre at the War Office, London, which has automatic apparatus for 
transferring carriers from street tubes to house tubes, and vice versa , in 
order to reduce the number of tube attendants. The switches are moved 
by electric motors, under the control of contacts which are closed due 
to the difference of pressure induced on a large diaphragm when a carrier 
is lying in a switch ; there are nine 3-in. diameter tubes and seven 2|~in. 
diameter tubes connected to the centre. 

Kasten (E.T.Z . , 48/1694/1927) discusses the newest developments for 
express pneumatic tubes. Berlin has more than 90 tubes, including an 
express line from the Head Telegraph Office via NW6, NW40, to NW21 
office near the Tiergarten. There is an opening to the atmosphere near 
NW6 office, which is closed electrically by means of a contact in the tube 
about 30 metres before NW6 ; the carrier then passes NW6, and another 
contact turns on high pressure from NW6 to send the carrier on its journey 
to NW40, where the same operations occur. The effect of this is that the 
difference of pressure acts on about a third of the whole length of the 
tube. The speed for the three portions are 18*3, 18*0, and 17*3 m/sec 
over lengths of 1100, 1250, and 2250 metres, respectively. The minimum 
velocity allowed in express tubes is 60 km/hr, or 16-6 m/sec, in order that 
within the circle having the Head Telegraph Office as centre and a radius 
of 10 km any letter or telegram from any office must reach any other 6ffice 
within 30 minutes, so as to be in the addressee’s hands within an hour 
of it being handed in. 

In house tubes “ power savers ” are used ; these are mechanisms which 
keep the end of the tube closed until a carrier is to be inserted ; the inser- 
tion of a carrier causes the end to open and a dash pot is arranged so as 
to allow the flap to close slowly, but the flap is not closed until the carrier 
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has had time to reach the far end of the tube. By this me&ns the blower 
circulates no air until a carrier is inserted. 

Beckmann ( E.T.Z . , 49/335/1928) discusses the advantage of decentralis- 
ing the blower plant and putting it in the district offices instead of its being 
centralised in a place where space is valuable. Such decentralisation is 
being carried out in Berlin, where service pipes used to be employed from 
the central plant of some offices near by ; these service pipes used to be 
leaky and so cause los3 of air. The new line, 6 km. long, is to be built in 
five portions, at the beginning of each of which is a sender and at the end 
of which is a receiver and a blower, and also a switch, which, by means of 
an electrical contact, diverts the carrier either into the receiver or through 
to the next office. The blower only starts when a carrier is inserted in 
the tube. The automatic discharger or receiver is bulky in appearance. 

Leakage . — Bruch (Gluckauf, 56/997/1920) and Brinkman (Comp, Air , 
26/10092/1921) describe tests on 33,000 metres of 120-mm diameter piping 
at 6 atmospheres ; 30 per cent, of the volume of air used was lost when 
the packing rings were of substitute stuff ; washers of paper, and paper 
saturated with oil, and of rubber were tried. The rubber rings reduced 
the loss to 8*7 per cent. All apparatus was disconnected while the tests 
were being carried out. 

Cloos ( Gluckauf \ 57/368/1921) found that 37-6 per cent, of the total 
amount of air was lost in a mine, using 36,000 metres of 125-mm diameter 
pipe, the compressor delivering 250 m 3 /min. The loss was thus 5500 m 3 /hr. 
At another mine (Amalie) 24*4 per cent, or 2760 m 3 /'hr was lost from 
35,000 metres of 110-mm diameter pipe. Assuming that ther£ are flanged 
joints every 4 metres, the loss at each joint amounted to hgm 0*611 to 
0*315 m 3 /hr. 

Levy (Rev. d’lnd. Min ., 7/401/1927) describes a complicated method 
of determining leakage, using the tangent to the curves obtained for rise 
of pressure and fall of pressure in a leaky system of mains. 
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METHODS OP PRODUCING AIR CURRENTS. 

Units for specifying air pressures — Forces due to air currents and wind — Aeromotive 
force due to temperature differences — Various formulae for velocities of chimney 
gases — Fans and blowers. 

This chapter deals with the methods by which pressures can be obtained to 
produce air flow, viz. : — 

(a) The force of wind blowing directly on the end of an opening. 

(b) Wind blowing across an opening, which creates a suction effect. 

(c) The difference of temperature in columns of air. 

(d) Fans and rotary blowers. 

(e) Turbo-blowers and air-compressors. 

Four common units are used to 
specify the amount of aero-motive 
force or pressure producing the 
flow, namely : — 

(i.) Feet of head of fluid under 
discussion. 

(ii.) Height of the water or mer- 
cury gauge. 

(iii.) Pressure in lb/ft 2 , lb/in 2 , 
kg/m 2 . 

(iv.) Pressure in atmospheres. 

Feet of fluid is only used in calcu- 
lations, as it is not measurable 
directly ; water-gauge readings are 
practically always used for ventila- 
tion work ; atmospheres or lb/in 2 
are practically always used in 
compressed-air work. 

Shaw ( Ventilation , p. 9) has 
given a table of the comparative 
values of pressure produced by 
the methods (a), (6), (c), (d), but 
as he deals only with ventilation 
work the pressures are only small ; 
some of the values are shown in 
fig. 141. 

Any of the methods are used in ventilation work, but for gas, pneumatic- 
tube, compressed-air work, only methods (d) or (e) can be used to any extent. 

236 



Fig. 14*1. — Aeromotive force of winds and 
fans. (Given by Shaw.) 
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The dividing line between the blowers and compressors is nofrat all distinct, 
but practically compressors would not be used to give pressures under 
about 2 lb/in 2 , nor would blowers be used to give pressures above about 
5 to 6 lb/in 2 or so. I should think the large majority of blowers manu- 
factured are for delivering air up to 27 in. water gauge, or about 1 lb/in 2 . 

Forces due to air currents. 

We want to discuss the pressure caused in a ventilating duct or chimney 
or similar opening if an air current blows either across the opening or directly 
upon it : Shaw’s values in fig. 14’ 1 were found from the equations, 

Direct blowing, lb/ft 2 =0-003 (mile/hr) 2 =1*17 u 2 /(2g) . (14*01) 

Cross „ ft. of head=w 2 /(2#) .... (14*02) 

For Pitot tubes we have already found that, 

p= ^ = m(m|/hr)^88y = o.00256 (mile/hr)* . (1403) 

The increase in the value of the impact pressure in the case of wind 
blowing directly on an opening will be due to the fact that more of the 
momentum of the air is destroyed than when air blows on the small area 
of the Pitot tube mouthpiece. 

The effect of wind blowing at right angles across an opening, such as a 
chimney, will be to cause the air to come out of the opening and create a 
pressure below the outside pressure just inside the opening. This suction 
effect vanishes when the opening is very small, say for an opening of ^th in. 
in diameter, and again vanishes or becomes positive when the opening is 
made infinitely large. In between the two limits there muslf be some size 
of opening which with a certain velocity will give the maximum effect. 
The suction effect is therefore dependent both on the nature of the opening 
and upon the velocity of the air. 

In practice a further disturbing effect arises because both the direction 
and velocity of air currents vary from moment to moment, and therefore 
the current may not always bo parallel to the plane of the opening, but 
oan be blowing either upwards away from the opening or downwards 
towards the opening : these variations will cause disturbances. The subject 
is one that affects ventilation chiefly, as the forces involved are very small. 

It would be interesting to observe the effects of air currents flowing in 
the direction of the axis of the opening, and then flowing at various angles 
to the opening. In the case when the angle was 0° and the air current 
directly faced the opening, we know from the investigations with Pitot 
tubes that the impact pressure will be u 2 /(2g) approximately. When the 
angle is 180°, as happens in the Stauscheibe, the effect will be a suction 
head of about 0-38w 2 /(2<7) ; but probably, if the air were flowing past the 
sides of a thin tube, the effect would be greater. Such tests would be of 
scientific interest only, as in practice the air currents of the wind are per- 
fectly variable as regards direction and velocity. 

Aeromotive force due to temperature differences. 

Considering the simple case of a chimney, height H, in which the mean 
temperature of the gases is T c , while the mean temperature of the air out- 
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side is T a . Then, comparing the pressures of the columns of gas outside 
and inside the chimney, we get, 


Pressure at foot due to gas in chimney = Hm c = HP 0 /CT c 
„ „ „ air outside =Hm a ==HP 0 /CT a , 

so that the effective pressure available for creating a draught is, 


HPn 

C 


=39-8 Hi 


\T a T J 
Now, if we take T o =T 0 =521 abs., 


/T e — To\ 

V T,T„ ) • 


=0-0764 H(T C -T 0 )/T C 


h— 0-0147 H(l — T a /T c ) inches of water 
// =0*00735 H if T c = 2T a , as per Moles worth 


(14*04) 


(1405) 

(14*06) 

(1407) 

(14*08) 


The pressure can be expressed in feet of gas at the temperature of either 
the atmosphere or in the chimney ; on the whole, it is better to put it in 
feet of hot gas, as follows, 


Pi“P 2 =H^^p~ 2 ^m c =H // /w c . . (14*09) 


The determination of the velocity of the gases in the chimney depends 
upon the assumptions made ; we shall assume that the pressure drives 
M lb. of gas per second, at mean velocity u , along the chimney of diameter 
D. Actually, the velocity of the gases might be varying as they went up 
the chimney, due to variations in the temperature. We also suppose that 
the length of the path at diameter D, or the equivalent length for that 
diameter if the real path has various obstructions in it, is L. Then the 
friction work in the chimney is, 


u 2 Q 

2 .7 M 


(14*10) 


where /u is the hydraulic mean depth, /i=D/4 for a round chimney. The 
pressure has to create a velocity u as well as to overcome friction, so that 
the main equation for velocity is, 


P, V 2 _u 2 tgg L 

m x m 2 2j 2gyi 

Now taking m 1 =//i 2 = m 0 and P x — P 2 = H"m c , 


we get 


H" H" 
2 g 1 ■+- 1 


The equation for velocity is, 


(14*11) 


(14*12) 


H(T r -T 8 ) 1 2gT„ H(T„— T a ) 

9 T 0 1+Ch/fi T B (l+4{L/i>) T. 


( 1413 ) 
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We can only put w 2 =2^H" if if; is negligible as compared with unity. 
For chimneys over 1 ft. in diameter, for which 

/u,=D/4> 1/4, £=0*0040 when clean, £=0*0080 when dirty, 

and assuming that the least value which L is likely to have is 50 ft., then 

£L//x does not exceed 4(*0080)50, or is <1*6 : 

the quantity tft is not negligible. 

Kempe ( Year Book , p. 1574) gives the approximate equation, 

u 2 =27H" (14-14) 


but the equations usually given include the friction term. 

Hurst (Arch. Surv. Hand., p. 210) quotes Montgolfier’s equation for the 
velocity in chimneys, as, 

w = 8*025[Ha'(T c — T a )]l. 


where a' = coefficient of expansion of air =0*002 approx. 

=the reciprocal of the absolute temperature = 1/491 ; 


therefore 


u 2 = 27 H(T c — T 0 )/T a 


which is the main equation when the friction is negligible. 
Then Hurst gives an equation including the friction term, 




0*13 DH(T C — T a ) 


(14*15) 


(14*16) 


(1417) 


D ( NL 

N being a constant with various values, i.e., 

For glazed earthenware chimneys, N=0*02, £=0*0050 
„ wooden Hues =0*03, =0*0075 

„ sooty flues =0*06, =0*0150. 

The above formula can be transformed into the form, 

2 _ (64-4/495 )T 0 H" 

M ~ 1+N(L/D) • * • 

which gives values for £ as above mentioned when 
T fl =495 or 0=34° F. 

Geipel (Elec. Engr. Form., p. 324) gives for the velocity of chimney 
gases, in chimneys less than 3 ft. in diameter, 

1 


(14*18) 




(T c — T a ) 

13+0^tyl2 D 


(14*19) 


or 


u 2 


2<?H" 

13 + (-0125)4 L/D ' 


(14-20) 


In this the appearance of 13 instead of 1 is unintelligible, and Geipel 
does not state why it should be there. In the case of chimneys over 3 ft, 
in diameter, he gives the approximate formula, 

m*=4-6H", 


in which the factor 2 g has been divided by 14. 
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The Standard Handbook for Elec. Engr., p. 567, gives, 


^=0-52Hp 0 (i--i)=!^(l-?«), as Eq. 14-07. (14-21) 

, gives, 

(*-l) ■ ■ 


The Practical Engineer's Pocket Book , p. 89, gives, 

‘ T o) _ 1 




0-13 T C T 0 0-13 T a 


(14-22) 


This is Eq. 14*07, when the air temperature is 522 abs. 

Fowler (Elec. Engr. Hand., p. 451) gives the formula, 

A=h(^-^-) = -- ~?{l-^“(l-04)} . . (14-23) 

which is Eq. 14’07, except for the addition of the 4 per cent, to the last 
term ; the reason for such addition is not known. 

Molesworth (Eng. Form., p. 438/1907) quotes for the velocity of chimney 
draught, 

(2-42m-0 a )H_5-88(T c -T o )HT o „ 

M IT (T c — 461)T a • • K > 


Comparing this with Eq. 14*09, we get, 


2 g _5j88_T fl 

1 + 0 ‘ 0 C 2 


(14*25) 


If 0=1*13 and T a = 521, 0 2 = 1O, which is wrong. 

There is some fault in the formula ; if the 2-42 reads 24-2, and 0 C is put 
under the root, then 0 C =0-913(1 -f 0)T a , which is possible for ordinary cases. 
Hutton’s formula (Prae. Engr., p. 605) is, 


%H(T C — T q )_»H"T 0 
3-3 T c 3-3 T c 


(14*26) 


What the 3*3 represents, and how it is arrived at, is unknown. 


Fans and blowers. 

The dividing line between fans, rotary blowers, blowing engines, and 
compressors is not defined ; but in general fans deliver relatively large 
quantities of air at very low pressures ; rotary blowers and blowing engines 
deliver medium quantities of air at medium pressures ; compressors deliver 
small quantities of air at relatively high pressures. 

Of these, only rotary blowers are dealt with here. 

There are books dealing with fans, and others dealing with air com- 
pressors, but few deal with rotary blowers and with the laws upon which 
they work. A report of tests made upon Root’s blowers used for working 
pneumatic tubes may be of interest : the results are not highly accurate, 
as the tests were made for commercial purposes, without any special 
instruments. 

The chief difference between the performance of rotary blowers and 
air compressors is that the quantity of air displaced by blowers depends 
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upon (i.) size, (ii.) speed, (iii.) pressure of delivery ; whereas for reciprocating 
compressors it depends upon (i.) and (ii.), but is roughly independent of (iii.). 
This is only approximately true ; but the lb. of air delivered by an air com- 
pressor if the pressure is 80 lb/in 1 2 3 instead of 60 lb/in 2 will not be materially 
decreased — if the compressor is well made, — whereas with blowers the 
quantity delivered at 6 in. water gauge will be much greater than the 
quantity delivered at 8 in. 

We shall consider the question of blowers working pneumatic tubes. 
Given a tube of a certain length L and of diameter D, what size blower 
will be required to work it at a definite carrier speed ? What will the revolu- 
tions of the blower be per minute, and what electrical energy will be required 
to drive it ? 


Considering a real example, what blower would it be best to use to work 
a 2J-in. tube 300 yards long if the air speed is to be 30 ft/sec, giving a transit 
time of about 30 seconds. The question at once arises whether a large 
blower running at a slow speed will do the work more efficiently than a 
small blower running at a high speed. Roughly, any convenient size of 
blower does the work equally well, because for any fixed speed of transit 
the water gauge and the quantity of air flowing are constant. The air 
work necessary is therefore fixed, and the only comparison is between a 
small blower revolving quickly and a large blower revolving slowly : the 
friction will be similar in either case if the displacement is the same. 

To solve the problem adequately, one requires, first, a series of curves 
giving the electrical energy necessary to w 
drive blowers delivering 20, 30, 40, 50 cu. a S 
ft. of free air at 2, 3, 4, 5, 10, 20 in. water ,n P ut 
gauge for various types of blowers; and 
then a series of curves showing what water 
gauges are necessary to drive 20, 30, 40, 

50 cu. ft. of air through tubes of various 
diameters. We have not had the oppor- 30> 
tunity of making complete tests on this 
matter, but have got some results showing 
the electrical input required for particular 
blowers to deliver certain quantities of air. 

Tests were made with blowers work- 


Hi 

1 




1. Actual length of tubes. 

2. Through orifice plates. 

3. Through a made-up length of pipe, 

orifice meter, and throttle cock. 


ammnmmmwr'*mwK4U+, 


As regards input and speed, the tests 0 20 40 60 

showed that one could put the speed, Cubic Feet oF Free Air 

n , and the watts input, W, in the form, Fiq * 14'2.— Electrical energy required 

to deliver air at various pressures. 
W==a + 6Q + c/i, The energy will lie between the 

n = a' -f b' Q + c'h, upper and lower lines, depending on 

, ~ r, r r • • the type of blower used, 

where Q=cu. ft. of free air per nun., 

h— water gauge at blower, a, b , c, a', b', c', are constants depending upon 
the actual blower tested. The general results are shown in fig. 14‘2, which 
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The energy will lie between the 
upper and lower lines, depending on 
the type of blower used. 
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gives the watts input required for delivering various quantities at 0, 10, 
20 in. of water gauge. This enables one to form some idea of the cost 
of working small tubes continuously. The watts required theoretically to 
compress the air isothermally to 10 in. and 20 in.=0*125Qft approximately, 
as shown in fig. 14‘2. 

There is difficulty in determining at a maker’s works whether a blower 
is an economical one to use for tubes : in pneumatic- tube work the resist- 
ance placed in the blower circuit is a long length of tube. Such a resistance 
cannot be reproduced by the manufacturer, who usually employs an orifice 
plate to determine the quantity displaced by the blower. Take, for in- 
stance, a blower running at 400 rev. per min., which has the outiet blocked 
by a flange in which is a J-in. diameter hole, and at the back of which the 
blower maintains a pressure of 1 or 2 lb/in 2 . There is no plain formula 
for the discharge in such a case, because the velocity of the air at the back 
of the orifice is not zeyo. Such an orifice is not perfectly equivalent to a 
tube, because the resistance of a tube does not vary absolutely as (velocity) 2 ; 
but one can use an orifice plate of a certain size as the rough equivalent 
of a tube of a certain length : in one test an orifice l-/ ff in. diameter 
appeared to be equivalent to 60 ft. of 2J-in. tube, as the water gauge was 
the same for the tube and for the orifice, which were placed one before and 
one after the blower. 

Tests made with a blower run at various speeds working a particular 
tube are of no use for general comparisons, because the quantities and 
water gauges vary together. For general comparisons one must know 
the watts input for any quantity Q at any water gauge h , and this can only 
be obtained by running a blower at various speeds and working tubes of 
various lengths, say 100, 200, 500, 1000 ft. long. 



CHAPTER XIV.— SYMBOLS USED. 


Equation. 

Symbol. 

Meaning. 

1404 

C 

=gas constant. 

1413 

D 

= diameter. 

1401 

9 

= gravitational constant. 

1404 

H 

=height.of chimney. 

1409 

H*— H(l — 

T„/T r ) - pressure in ft. of hot gases. 

1401 

m 

= density. 

1417 

N 

=a coefficient. 

1405 

P 

— pressure. 

1404 

T<. 

=mean temperature of gases in chimney. 

1404 

T« 

= „ „ of air. • 

1401 

u 

=■ velocity. ^ 

1415 

a' 

^coefficient of expansion of air. 

14* 10 

c 

= „ of friction. 

1424 

0 

= temperature in degrees. 

14* 10 

n r^D/4 

= hydraulic mean depth. 

1412 

V> =£L In 

=a function of the length and diameter. 
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Abacus, derivation of, 57. 

for gas-flow problems, 34, 37. 

for pneumatic tubes, 59. 

Abbreviations, symbols, 10. 

in reference to reports, 32. 

Absolute measurement of air velocity, 125. 

unit of air resistance, 3. 

Accuracy : 

depending on air humidity, 125. 
in recording pipe lengths, 126. 
of anemometers, 152. 
of formulae, 21. 
of gas meters, 128. 
of hot-wire meter, 191. 
of Pitot tubes, 173. 
of Sentinel meter, 146. 

Adiabatic compression, work done, 93. 

expansion, index of, 95. 

Aero-motive force, definition, 3. 

produced by fans, blowers, 240. 

by temperature difference, 

237. 

by wind, 237. 

A.1.E.E.= A mer. Inst. Elec. Engr. 

Air : conduction, convection, density, flow, 
humidity, viscosity, volume, weight . 
See relative quality. 

Air measurement : 

• by injection of ammonia, 1546. 
by means of light, 154, 1546. 
by orifice meters, 145, 154, 1546. 
by photography, 1546. 

See also Meters. 

Air meters, Chapter VIII. 

pressure on discs, rods. See Impact 

of air. 

in pipes, orifices, tubes. See 

Pressure. 

used in gas burners, 197, 2206. 

Allowance for resistance of bends, etc., 67. 
Amount of air used. See Quantity. 
Analogy between air transmission and 
eleotrical transmission, 2. 

between air flow and electric current 

• flow, 3. 

Anemometers : 

calibration of, 151. 
description, 150. 
disc, 152. 


Anemometers : 

hot-wire. See Hot-wire meter, 
inaccuracy of, 151. 
used as standards, 152, 169, 181. 
Angles suitable for branching pipes, 34. 
Annular pipes, 48a. 

Area, ratio of throat, orifice, pipe areas. 

See Ratio. 

Aspect ratio, 76. 

Atmosphere, humidity of, 4. 

Atmospheric pressure : 
in looped tubes, 86. 
usual value chosen, 5. 
variation in, 222. 

Bend, loss of pressure at, 72. 

specification of kind and radius, 71. 

types of, 73. * 

Bends, flow in, 76, 766. 

Berlin pneumatic tubes, 2B5a. 

Best size of pipe, 65, 65a. 

Bibliography of books and references, 11. 
Blowers : 

energy used in driving, 241. 
output tested by Pitot tubes, 166. 
pressure of delivery, 241. 
used as meters, 128. 
used for pneumatic tubes, 85. 
used to calibrate anemometer, 151. 
Books consulted, 1 1 . 

Branching pipes, 34, 37 a. 

Brick ducts, friction, 33. 

Bubble meter, 154a. 
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of anemometers, 151. 
of hot-wire meter, 190. 
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of Pitot tubes. See Pitot tubes. 
Canvas pipe, friction, 35. 

Capillary tubes, 49, 50. 

Carburettors, 51. 

Carriers : 

condition affects transit time, 108. 
difficulty of manufacture, 232. 
friction versus air friction, 233. 
increasing the speed of, 83. 
materials for, 233. 

Cement, conveyance of, 65e. 
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Charts, logarithm^, for solving problems, 
60. 

Chimneys, flow of gas in, 33, 238. 

Clean pipes, 35. 

Coal, conveyance of, 656. 

Coal gas, constituents, 6. 

1 specific heat, 149. 

viscosity, 51, 54. 

Cocks, pneumatic, loss of pressure in, 220. 
Coefficient of air pressure on surfaces. See 
Impact of air. 

of convection, A, 185. 

k (Hartmann), 196. 

Coefficient of contraction in and discharge 
from orifices : 
definition of, 132. 

general discussion, 133-144, 206-213. 
in meter valve, 146. 
related to coefficient of velocity, 215. 
table of values, 207. 

Coefficient of friction in pipes and tubes : 
Chezy’s. 19. 

conclusions concerning, 65e. 
definition of, 17. 

dependent on density, Tab If* 2-4, 27. 

on diameter. Table 2-3, 27, 32. 

on pressure, T/(pw), 30, 46. 

on quantity, M, 29, 47. 

on uD/v , 18, 32. 

on velocity, Table 2-4, 27. 32. 

Fritzsche’s, 46. 

independent of diameter. Table 2-2, 26. 
K, K' for gas flow, 36. 
reduced by oil, 44. 

related to surface friction k,f, 41, 225. 

to viscosity, 54. 

relations between £» /5,/, 19. 

Stanton’s, 31. 

Unwin’s, 21, 24, 25. 

values for pipes, i inch to 36 inches, 24. 

10 to 1000 mm., 25. 

Coefficient of impact, K, of air on discs, 222. 

on ro( is, 223. 

of Pitot tubes. See Pitot tubes. 

of resistance at bends and fittings, 

definition, 67. 

See also Loss of pressure. 

of velocity, c„ , 215. 

Coils of pipe, 49. 

Comparison : 

capital and maintenance costs, 90. 
cost of various types of meter, 1 26. 
energy required for big and small 
tubes, 229. 

friction formulae, 27, 32. 
loss of pressure in one or two pipes, 89. 
pressure versus vacuum working, 233. 
speeds in looped and unlooped tubes, 
86 . 

of old and new Garners, 108. 

transit- time formulae, 112. 
Compression, adiabatic, work done, 93. 


Compression, isothermal, work done, 93. 
Concrete pipes, 48a. 

Conduction, conductivity of heat in air, 
178. 

Conductivity of various gases, 6. 

of metals, electrical, 193. 

Conical pipes, friction in, 48a. 

Constituents of mixed gases, 6. 

Containers : 

leakage from, 230. 

loss of pressure at entrance, 73. 

at exit, 74. 

measurement by, 127. 

Continuous working of pneumatic tubes, 
79, 109, 233. 

Contractions used, 10. 

Convection : 

cooling by, 180. 
effect of moisture, 184. 

of pressure, 184. 

from flat surfaces and laminae, 183. 
from hot wires, Hartmann, 196. 

Kennelly, 184. 

King, 188. 

Morris, 192. 

Northrup, 197. 

Russell, 186. 

from tubes, 194. 

in compressed or rarefied air, 183. 
in water, 197. 

Convectivity, A, definod, 185. 

Converging nozzles, 212. 

pipes, Iosr of pressure in, 76. 

for Venturi meter, 129. 

Conversion factors if £' not £ is used, 21. 

of quantities, 61, 62, 65c. 

of units from one system to another, 

7. 

English to metric, 8. 

Conveyance of materials, 65 a-e. 

Conveying plants, 656. 

Cooling of air in tubes, 94. 

of copper ball, 181. 

Copper : 

melting-point, 193. 
radiation from, 179. 
resistance, 193. 
tubes, heat loss, 194. 

Corners, round versus square, 76 a. 
Corrections for end effects, capillary tubes, 
50. 

for inaccurate data, 87. 

for the u n law instead of u* law, 62. 

Cost of air meters, relative, 126. 

of working pneumatic tubes, 233. 

Costs, saving in, by using pneumatic tubes, 
234. 

Critical pressure in orifice flow, 213. 

Critical velocity : 

definition, 1, 486. 
determination of, 49, 50. 
equations for, 1. 
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Critical velocity : 

theories concerning, 49. 
values for air flow in pipes, 2, 486. 

Cup anemometer, 1 52. 

Currents : 

for fusing wires, 188. 
for neating air flow, 150. 
for hot-wire meter, 192. 
for maintaining wire at temp. T., 185. 
Curvature of bends, effect on resistance, 70. 
Curves to use in solving problems, 87. 

Deflecting anemometer, 152. 

Delivery from orifices. See Orifice flow. 
Density affects coefficient of friction, 42. 

convection, 185. 

pressure on surfaces, 222. 

does not affoct viscosity, 178. 

of air, dry and moist, 4. 

of coal gas, 5. 

of gases, 5. 

of steam, 4. 

Derivation of graphical charts, 58, 79. 
Desiccating of telephone cables, 64. 
Diameter of pipe, actual, 106. 

determining factors, 228. 

functions of, 24. 

nominal, and standard, 106. * 

Differential multiplying manometer, 169. 
Directional meter, 155, 1976. 

Disc, air friction on, 225, 227. 

air pressure on. See Impact of air. 

Discharge from orifices. See Orifice flow. 
coefficient. See Coefficient of con- 
traction. 

Displacement meters, 127. 

Distribution of velocity across a pipe. Sec 
Velocity distribution. 

of pressure at bends, 76, 153. 

Distributor, pneumatic, 41. 

Diverging orifice, 212. 

* pipes, loss of pressure in, 76. 

Dryness of air, 4. 

Ducts, steel, 32, 34. 

Dynamical similarity, 53. 

Dynamic head or pressure, 157. 

Efficiency of blowers, 241. 

overall, definition, §0, 124. 

Elbow, loss of pressure at, 72, 76a. 

Electric heater in pipe line, 149. 

hot-wire meter for velocity. See Hot- 
wire meter. 

meter for quantity (Thomas), 148. 

model for flow, 227a. 

Elliptical distribution, 159. 

Emissivity of bodies, 179. 

Energy used : 

in driving blowers, 241. 
in electric quantity meters, 149. 
in eleotric velocity meters, 194. 


Energy used : 

in orifice meters, 2f&. 
in service pipes, 90. 

Enlargement of pipe, loss of pressure, 75, 76. 
Equations for velocity, etc. See relative 
item. 

Equivalent length of pipe, Li, definition, 67. 

Fan, used to calibrate anemometer, 151. 
Faults in pneumatic tubes, 234. 

Fittings, loss of pressure in, 69. 

Flat surface, air pressure on, 222. 

convection from, 183. 

Float meters, 147. 

Flow of air, gas, steam : 
at boundary, 161, 176. 
at high pressure, 49. 
equations of, 20, 22. 

thermodynamic, 200. 

derivation. Chap. IV., V. 

from orificeR. See Orifice flow, 
in chimneys and flues, 33, 238. 
in pipes and pneumatic tubes. Chap. 
II., IV., VI. 

in sloping pipes, 36, 103. 
in telephone cables, 64. 
of air at atmospheric pressure, 32. 
of air round rods and other bodies. 

See Impact of air. 
of coal gas, 34. 
of compressed air, 39.* 
of steam, 38. 

quantities, functions lor. See Quan- 
tity. 

round bodies, 227a. 
resistance to. See Coefficient of fric- 
tion. 

stream -line and turbulent, 486. 
various states of, 1. 
viscous, 176a. 

Flow of oil, 43. 

Flues, flow equations in, 33. 

Formulae for flow, with fractional indices, 
42. 

for humidity, pressure, quantity, qtc. 

See relative item. 

percentage accuracy, 21. 

useful even when not perfect, 376. 

Friction coefficient. See Coefficient of 
friction. 

in chimneys, 33, 238. 

- in orifices, 200, 214. 

in pipes. See Coefficient of friction. 

of air on discs and plates, 221. 

of carriers in tubes, 96, 108, 233. 

Functions of diameter, I), 24. 

of index of expansion, », 201. 

of length, L, 84. 

of pressure, a», 99. 

Fusing currents of wires, 188. 

Galvanised iron pipes, 33, 34. 
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Gas constants, of^ases and air, 4, 5, 6. 

flow, in general, 21, 36, 376. 

holders, measurement by, 126. 

Gas meter : 

electric, 148. 
household, 127. 

on Pitot-tube principle, 164, 164. 
station meter, 126. 

Grain, conveyance of, 656. 

Graphical solutions : 
for pressure, 60. 

for quantities in short tubes, 58. 

in pneumatic tubes, 80. 

for velocities, 60. 

mean velocity in pipe, 157. 

Gust meter, 154a, 176. 


Heat content, 200. 

constant in throttling, 216. 

Heating of wires by electric currents, 188. 
Horse-power for conveying materials, 65e. 

for pneumatic tubes, 235. 

to compress air, 91, 93. 

Hot-wire meter or electric velocity meter : 
calibration of, 190. 
choice of metals, 192. 
current required, 185, 191. 
details of instrument, 190, 197. 
directional, 197a. 
in various gases, 197a. 
principle of, 177. 

House tubes : • 
definition, 232. 
energy used in, 229. 
materials for, 231. 
quantity of air used, 88, 229. 
size of blowers for, 241. 
velocity of carriers. Chap. VI. 
Humidity of air, 4. 

Hydraulic equation or formula, 20. 

mean depth, 17. 


Impact of air : 

coefficient K, 222. 

on bullets, 224. 

on cylinders, 194, 223. 

on discs, 153, 212. 

on discs and planes, 221. 

on inclined planes, 223. 

on lamina, 157. 

on large and small plates, 222. 

on rods and bars, 222. 

on spheres, 224. 

Impact of wind on openings, 237. 

pressure affected by thickness of 

body, 221. 

Inclined mains and pipes, flow in, 37, 103. 

Increasing the speed of carriers : 
by auxiliary blowers, 85. 
by boosting up pressure, 85. 


Increasing the speed of carriers : 

by increasing the diameter of the tube, 
112, 228. 

by increasing the pressure, 86. 
by reducing carrier friction, 108, 233. 
Index of adiabatic expansion, 6. 
Information, souroes of, bibliography, 
11-16. 

Injection of air, 2206. 

Intermittent working of tubes, 114. 

quantity of air used, 119. 

time to reach steady state, 116, 

122 . 

Isothermal expansion of tubes, 78. 

compression, 91, 124. 

Jets, pressure in, 162, 175. 

K, K', values of, for gas flow, 37. 

Kent meter, 147. 

Kinematical viscosity, definition, 486. 
Leaks : 

amount of air lost in, 231. 
effect on transit time. 111. 
in containers, 230. 
in pipes, 35, 110, 231, 2356. 
in systems, 230. 

Length, equivalent, L„ defined, 67. 

functions L 1 ' 500 , L 1 * 638 , 84. 

Limit of useful air pressure to use, 85, 108. 

to quantity of air used in vacuum 

working, 82. 

Logarithmic charts, 57. 

term for acceleration, 78. 

Looping of tubes, 85. 

Loss of pressure in or at : 
bends, 71. 
cocks, 71, 219. 
containers, 74. 
crosses, 71. 

diverging nozzles, 76, 212. 4 

elbows, 72. 

enlargement of pipe, 73, 76. 
entering containers, 73. 
fittings, 68. 

formula) for, in various units, 21. 
globe valves, 72. 
house tubes, 58. 
hydraulic formulae for, 20. 
measuring quantities, 138, 218. 
orifices, 133, 204. 
pipes, formulae, 20. 

general discussion, Chap. II. 

graphs, 60. 

receivers, 76. 
service pipes, 89. 
tees, 71. 

tubes, H-in., 2£-in., 3-in. diameter, 5§. 
valves, 71. 

Mandarin, resistance, 193. 
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Manometer, differential multiplying, 169. 

tilting, 171, 176a. 

Maximum quantity delivered from orifices, 

202 . 

and mean velocity. See Velocity. 

Measurement of flow, quantities and 
velocities. See Meters. 

direct and indirect methods, 125. 

of pressure, dynamic, 153. 

static, 157. 

very small, 170, 172. 

of transit time, 112. 

of velocity, very small, 170. 

Mechanical viscosity, 486. 

Megabar, definition, 184. 

Melting-points of metals, 193. 

Metals, choico of, for hot-wire meter, 192. 

qualities, 192. 

Meters and metering : 
by acetylene, 1546. 
by mixtures, 1546. 
by photography, 1546. 
calibration of, 124, 151. 
costs, relative, 126. 
displacement, 127. 
electric, for quantity, 148. 

for velocity. See Hot-wire meter. 

float, 147. 

gas, ordinary, 127. 

Threlfall, 164. 

indicating and integrating, 1 25. 
on the Rand, 154. 
orifice, 131, 145, 211. 
petrol, 155. 

Pitot tube. See Pitot tube, 
recording, 154. 
types of, 124. 
using electricity, 155, 156. 
valve (Sentinel), 145. 

Venturi, 128. 
vortex, 153. 

^et station, 128. 

Methods of finding mean air velocity, 162. 
of measuring air and gas flow, Chap. 

vm. 

of producing aero- motive force, Chap. 

XIV. 

of referring to reports, 12/7/1916= vol. 

12, p. 7, 1916. 

of taking Pitot-tube readings, 160. 

Micromanometers, 171, 172, 176a 2276. 
Mine ventilation, 35. 

Minimum transit time, 82. 

Moisture in atmosphere, 4. 

in tubes, 107. 

Molecular weights, 6. 

Multiple hot-wire meter, 197a. 

Multiple Pitot tube : 

• British Thomson- Houston, 168. 
definition, 162. 
types, 165, 168. 

Multiplying manometer, 169. 


Natural gas, qualities, 

Needle Pitot tube, 175. 

Nickel, heat losses from, 197. 

Nominal diameter of tube, 106. 

Nozzle, diverging, and various types, 206- 
212, 220a. 

Oil causing carrier friction, 107. 

flow in orifices, 213. 

in pipes, 43, 57. 

reducing air friction, 44. 

Optical methods of measurement, 154. 
Orifice, absolute unit of resistance, 134. 

best shape for, 212. 

coefficient of contraction and dis- 
charge. Sec Coefficient of contrac- 
tion. 

Orifice flow : 

delivery coefficient, 206-212, 220a. 
effects outside orifice, 212. 
equations for, 200, 220a, 2206. 
formulae for quantity, 132, 203, 204. 
friction in, 214. 
maximum delivery, 203. 
small pressure difference, 132, 205. 
velocity distribution, 191. 

Orifice in pipe line, 136. 

meters, 131, 211. 

commercial, 145, 208. 

formula*, 132. • 

plates, 142, 211. 

size, for measuring quantities, 132, 

138. 

for accurate result, 131. 

used for testing blowers, 242. 

Overall efficiency,/, definition, 90, 124. 

Parabolic distribution, 159. 

Petrol meters, 155. 

Pipe, areas, 24, 25. 

loss of pressure in, Chap. II. 

pressure at any point, 78. 

service, determination of size, 90. 

Pitot tubes : 

accuracy, 124, 173. 
calibration, 124, 169, 173. 
constant or coefficient, K, 159, 163, 167. 
formulae, general, 175. 

proof, 158. 

u— ($rH)*, incorrect, 158. 

multiple, 162, 165, 168. 

rating of, 163, 168. 

reading across a pipe, 163. 

for static pressure. See Static pressure. 

theory, 158. 

tips, 160. 

of very small dimensions, 172, 

176. 

Platinum as hot-wire meter, 184, 188, 194. 

emissivity, 181, 196, 197. 

melting-point, 192. 
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Platinum, resi|tance and temperature 
coefficient, Vl 93. 

Pneumatic cocks, loss of pressure in, 219. 

conveying, 65a-f. 

ticket distributor, 41. 

Pneumatic tubes : 

•blowers for, 241. 
carriers for, 232. 
cost of working, 233. 
definition, 231. 
energy used in, 229. 
faults, 234. 
leaks, amount of, 231. 

theory concerning, 110. 

looped, quantities circulating, 83. 
materials for, 231. 
moisture in, 107. 

problems generally considered, Chap. 

purpose of, 228, 234. 
quantities found by graphs, 60, 88. 

in general, 82. 

in 2-in., 3-in., 4-in. tubes, 88, 228. 

street tubes, quantities, 80-83. 
systems of, 232, 235(7. 
transit times. See Transit times. 
Pneumometer =Stauscheibe, 172. 

Position of mean velocity in pipe, 162(7. 
Possieule laws, 1. 

Pressure : 

at intermediate point in tube, 78. 
conversion factors for units, 9. 
critical, in *orifice, 213. 
distribution in bends, 76, 153, 163. 

over a plate, 171. 

effect on conduction, 178. 

on friction. See Coefficient of 

friction. 

on velocity of efflux, 203. 

on viscosity, 178. 

in bends, 153, 163. 
in throat of orifice, 213. 
in tubes, varies parabolioally, 78. 
loss of. See Loss of pressure, 
of air on discs, plates, etc. See Im- 
pact of air. 

of water vapour, steam, 7. 
produced by blowers, fans, 240. 

by temperature difference, 238. 

by wind, 237. 

static. See Static pressure, 
variation at cock, intermittent flow, 
115. 

Problems dealt with, 1, 2. 

Pulsating flow, 171. 

Pure orifice definition, 145. 

Quantity of flow : 

formulae in various units, 22. 
formulae, with Pitot tubes, 176a. 
functions for, 20, 78, 81. 
graphs, 58, 60, 80. 


Quantity of flow : 

in compressed-air lines, 39, 40. 
in house tubes, 82, 89. 
in orifices, 132, 201-203. 
in pipes. Chap. II. 
in service pipes, 90. 
in street tubes, 82. 
knowledge desirable, 2, 123. 
measured directly and indirectly, 123. 

by orifice in pipe line, 135. 

by electrical methods, 148, 155. 

by Pitot tubes, Chap. IX. 

to convoy materials, 656-c. 
with continuous working, 80. 
with intermittent working, pressure, 
117. 

vacuum, 119. 

Radiation constant, <r', various values, 
179. 

depends on temperature, 179. 

from hot wires, 180-189, 196. 

Radius of bend and throat defined, 73. 
Rate/ of cooling of spheres, 181. 

of air at rest in tubes, 93. 

Ratio of areas : 

anemometer to pipe, 151. 
disc to pipe, 153. 
orifice to pipe, 137. 

Pitot tube to pipe, 137. 

Venturi meter areas, 128. 

Ratio of mean to maximum velocity, 162a. 

of throat pressure to initial pressure, 

213. 

Receiver, fall of pressure due to leaks, 230. 

loss of pressure in, 74, 76. 

Rectangular pipes, 48a. 

References to reports, form of, 32. 

7/1 2/1916= vol. 7, p. 12, 1916. 

Reports consulted, 12-16/. 

Resistance, absolute unit of air resistance, 
3. * 

of bends, fittings, etc. See Loss of 

pressure. 

of materials, 65a. 

Reynolds’ constant, 485, 57. 

Root’s blowers, 241. 

Roughness in pipes, arbitrarily made, 53. 

allowance for, 32, 33, 34, 161. 

of plates, 226. 

Rubber pipes, 35. 

Service pipes, best size to use, 90. 

loss of pressure in, 88. 

problems of, 2. 

Shielding effect of discs and plates, 153. 
Shunt meter, 125. 

Slide rule for gas flow, 47. 

Sloping pipes, flow in, 37, 103. 

Sonde (Zichendraht’s), 175. 

Sources of information, 1, 11. 
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Specific heat, volume, and gravities of 
gases, 6. 

Speed, increase of. See Increasing the 
speed. 

of air in pipes. See Velocity. 

of carriers. See Transit time. 

required in pneumatic tubes, 2. 

Standard unit for quantity =. lb/sec, or 
kg/sec, 20. 

States of flow, 1. 

Static pressure, measurement of, 155, 163, 
167, 173. 

Station meter, 127. 

Stauseheibc, 173, 174, 176. 

Steady motion, general equation, 198. 

verms turbulent motion, 1, 53. 

Steam flow in pipes, 38, 57. 

in orifices, 204, 212. 

meters, 147, 1546, 168. 

viscosity of, 51, 54. 

Stream-line flow, 1 , 48a, 486, 53. 

Street tubes. See Pneumatic tubes. 
Suction effect : 

depends upon size of opening, 237. 

in air impact, 221. 

in Pitot tubes, 163, 167. 

in Stauseheibc, 174. 

of cross windR, 237. 

of jet, 212. 

of various tips, 167. 

removed by bevelling, 166. 

by use of cone, 164. 

by use of small holes, 157, 173. 

Symbols used in equations and formula*, 

10 . 

Systems of pneumatic tubes, 232. 

of units, 8. 

Telephone cables, air flow in, 64. 
Temperature coefficient : 

of electrical resistance, 193. 
of heat conductivity, 6, 178. 
of viscosity, 52, 178. 

Temperature difference creating air 
pressure, 238. 

in hot-wire meter, 184, 189. 

in pipes, 79. 

melting-point of metals, 192. 

standard chosen, 5. 

Theory of air flow in pipes : 

Culley and Sabine, 95. 

Fritzsche, Hutte, 100. 

Harris, 102. 

Innes, 98. 

Unwin, 77. 

Zeuner, 97. 

Theories of orifice flow, Chap. XI. 
Thermodynamic equations, 199. 

Thomas meter, 154a. 

Throat pressure, 202, 213. 

radius defined, 73. 

Throttling in cocks, 219. 


Throttling in orifices, 216. 

loss of energy in, 

Ticket distributor, 41. * 

Tilting manometer, 171. 

Time to empty tube, 122. 

Tips for Pitot tubes, 160. 

very small, 172. 

Transit time of carriers in tubes : 
effect of condition of carriers, 108. 

of tube. 107. 

of diameter, 106. 

of leaks, 109. 

of length of tube, 105. 

of method of working, 109. 

of pressure of working, 107, 229. 

equations for, Unwin, 79. 

various authorities, 1 1 2. 

functions / 4 ,/ 4 ', 80, 101. 

FI, F2, etc., 101. 

increased by looping tubes, 84, 86. 
in intermittent working, 114. 
measurement of, 114. 
minimum possible, 79. 
new versus old carriers, 108. 
reduction of. See Increasing the 
speed. 

tests in practice, 112. 

to check theory, little use, 1Q6. 

Trapezoidal distribution, 159. 

Trunk Exchange tubes, 235. 

Tubes, pneumatic. See Pneumatic tubes. 
Tunnel ventilation, 35. 

Turbine meter, 155. 

Turbulent flow, 1, 486, 53,T62. 

Unit of quantity, weight preferable to 
volume, 124. 

of resistance, 3. 

Units, factors for conversion : 
densities, 8. 
pressures, 9. 
quantities, 61. 
viscosities, 51. 
volumes, 62. 

Units, formula for converting constants, 7. 
Unsteady flow, 114. 

U.S.A. Pitot tube, 167. 

Vacuum working, 82. 

Velocity across a pipe and at boundary. 
See Velocity distribution. 

at centre of pipe, 110. 

critical, 1, 2, 486. 

Velocity distribution : 

across pipes (Stanton), 1626. 

(Lees), 56, 181. 

across plates, 1626. 

altered by meter in pipe, 151, 169. 

around wires, 194. 

at edge of pipe, 53, 172, 176. 

elliptical, 155, 159, 163. 

found by Pitot tubes. Chap. IX. 
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Velocity distribution : 

found by hdfc-wire meter. Chap. X. 

general discus ion, 159. 

independent of quantity, 165. 

in orifices, 191. 

in water jets, 1626. 

mads uniform by baffling, 169, 174. 

parabolic, 169. 

position of mean velocity, 162a. 

uncertain, 169. 

theory, 159. 

Velocity : 

formulae in various units, 23. 
initial, 80. 

in house and street tubes. See Transit 
times. 

in throat of orifice, 200. 
maximum and mean, 155. 
mean, 155. 

determination by multiple Pitot 

tube, 159. 

determined graphically, 165. 

position in pipe, 161. 

Velocity meters, 124, and Chap. X. 

measurement, 124. 

absolute, 125. 

by anemometers, 150. 

by light, 154, 1546. 

li. by smoke, 164. 

of efflux. See Orifice flow. 

of sound, 1, 202. 

ratio of mhan to maximum, 1626. 

traverse, definition, 157. 

varying \rfith the time, 171. 

Ventilation formulae, 32, 34. 

Venturi meter, 129, 154, 154 a. 


Viscosity : 

affected by temperature, 52. 
generally considered, 486, 50. 
kinematical, = fy/w, 486. 
not affected by pressure, 178. 
of air, 6, 51, 54. 
of coal gas, 51, 54. 
of steam, 51, 54. 
of various gases, 6. 
related to f, 54. 

Viscous liquids, flow in pipes, 50, 57. 
Volume of flow, formulae in various units, 
23. 

versus weight as unit, 124. 

Vortex meter, 153. 

Water flow in pipes, 43, 48. 

gas, qualities, 6. 

Watts emitted by hot wire. See Convec- 
tion. 

required to heat air or gas, 150. 

Weight of air, 7. 

of fluid as unit quantity, 124. 

Wet station meters, 128. 

Whirls, 2276. 

Wind direction meter, 155. 

Wind pressure. See Impact of air. 

aero- motive force produced by, 237. 

Wires, convection from. See Convection. 

fusing currents, 188. 

radiation from, 180. 

Work of air compression, 93. 
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